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Introduction 


Volatile elements and tlieir compounds are greatly depleted 
in inner solar system planets, and in most meteorites, relative to 
their cosmic abundances. The fractions that remain are the 
source of atmospheres surrounding these planets and have 
played an important role in the histories of their Interiors. The 
nature of preplanetary carriers of volatiles, and how they were 
associated with the bulk of planetary matter, are subjects of 
active debate. But recent determinations of the atmospheric 
compositions of Mars and Venus, and recognition that primor- 
dial gases arc still being released from the interior of the Earth, 
now provide data for comparing the volatile inventories of 
meteorites and tt^e terrestrial planets with the predictions of dif- 
ferent models for their origin and distribution. 

Volatiles are a controlling factor in many of the details of 
planetary development. Initial stistributions, abundances, and 
cliemical compositions of these components may determine the 
evolutionary trades taken by primitive planetary assemblages as 
they accrete and differentiate to form a core, mantle, crust, and 
hydrospliere-atmosphere. The types, time scales, and ultimate 
degrees of petrologic and tectonic processing in differentiation 
are sensitive to the influence of volatile species such as HjO 
and COi on mineral associations, chemical partitioning, and 
dynamics of heat and mass transport. Masses and compositions 
of planetary atmospheres (and hydrospheres, biospheres, and 
sedimentary columns, if they exist) provide lower limits on pri- 
mordial volatile inventories. The challenge is to read the Inte- 
grated record of volatile fluxes contained in these reservoirs for 
what they can reveal about the initial distribution of volatiles 
within planets, the rates and mechanisms of their transfer 
between planetary surfaces and interiors, and the physical 
states and chemical compositions of the species that took part 
in these exciianges during tlie geologic history of a planet. 
Knowledge of recycling processes along with understanding of 
irreversible transfers such as loss of atmospiieric gases to space 
are essential elements of any comprehensive theory for the evo- 
lution of planetary atinospheres and hydrospheres. On Earth, 
the orighi and developmeirt of the earliest biosphere must have 
been sensitively related to the chemical nature of its environ- 
ment, One of the goals of paleobiology is to deduce the interre- 
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lations between evolving life and the physical and chemical 
properties of Earth's atmosphere, ocean, and crust. 

Most of the papers presented at the Conference on Plane- 
tary Volatiles described research within three broad topical 
areas that collectively represent the principal focus of the study 
of volatiles in the terrestrial planets; 

Initial and Present Volatile Inventories and Distributions in the Earth, Other 
Planets, Meteorites, and Comets 

Initial conditions and processes (preplanetary form, distribution 
and carriers of volatiles; how, when and where did planets 
accrete volatiles?; where, when, and to what extent did early 
fractionation and loss of volatiles from parent bodies and 
planets occur?); present inventories, reservoirs and fluxes 
(atmospheric, surficial, crustal, mantle, core). 

Observational Evidence on the Time History of Volatile Transfer among 
Reservoirs 

Early catastrophic degassing of the terrestrial planets (extent, 
energy sources); the significance of continuing juvenile 
degassing; changes in the chemical compositions and masses of 
planetary atmospheres and hydrospheres with time 
(astrophysical influences, oxidation states, greenhouse gases, 
climate impacts); development of volatile element cycling 
among surficial and interior reservoirs (geochemical, geological, 
and biological constraints; possible prebiotic cycles and the 
evolution of biological redox processes); chemical and isotopic 
heterogeneity in planetary interiors, and relation of volatile 
reservoirs to chemical reservoirs. 

Volatiles in Planetary Bodies, their Mechanisms of Transport, and their 
Relation to Thermal, Chemical, Geological and Biological Evolution 

Thermal histories (time variations of surface and interior 
temperatures, melting, differentiation); transport mechanisms 
(styles of mass transport, depths and modes of convection, 
relation of heat and volatile transport); styles of outgassing 
(point volcanism (lo mode) plate tectonics, flood volcanism, 
shield volcanism); geochemistry of volatiles in planetary 
interiors (solubility, diffusivity in mantle phases, stability and 
mobility of volatile-rich phases, oxidation and thermodynamic 
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sfate of mantle); recycling of volatiles into planetary interiors 
(incorporation of volatiles into solid phases, biological and 
nonbiological recycling mechanisms); loss of volatiles to space 
(mechanisms, past and present rates}. 

The 96 conference participants represented the many 
different approaches, viewpoints, and disciplines necessary for a 
provocative and profitable discussion of volatiles In the solar 
system and their influence on planetary evolution, Abstracts of 
all papers given at the conference are included In this technical 
report. A number of these abstracts were expanded by their 
authors to include extended bibliographies and illustrations used 
by the speakers In the presentation of their talks, 
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THE MANTLE ATMOSPHERE-HYDROSPHERE SYSTEM AND THE GEOCHEMICAL CYCLE 
FOR VOLATILE ELEMENTS. 

C.J. Allegre, Laboratoire de Gdochlmie^Institut de Physique du 
Globe, 4 Place Jussieu-75230 Paris cedex 05-France. 

Atmosphere and hydrosphere systems have been formed (at least partially) 
by outgassing mantle processes. On the other hand, subduction processes inject 
into the mantle some material coming from the surface of the Earth. The 
(man.tle) + (atmosphere + hydrosphere) can therefore be modelled as a two- 
reservoir corap lementary-cuup lad system. On the other hand, atmosphere, hydro- 
sphere and sediments are linked by a set of equilibrium conditions, and the 
mantle can be divided into upper and lower mantle. The overall cycle also has | 

a leak, which is the transformation of sediments into continental crust. Such | 

complex systems can be described by coupled differential equations, and the | 

time evolution can be examined using phase plane techniques in both linear and I 

non linear cases. Vie have treated successively the three important cases : j 

a) evolution of concentration of volatile elements | 

b) evolution of mantle isotope ratios | 

c) evolution of radiogenic isotopic ratios \ 

The models have been applied to different types of volatiles including rare 

gases, carbon, nitrogen, water, and chlorine. We can then model quantitative- 
ly the evolution of the mantle and the earth’s surface through geological time 
under various conditions. The different elements are described by their trans- 
fer functions and their residence time in both reservoirs; the modelling 
results lead to major distinctions between the geochemical cycles of the 
various elements. | 
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OXIDATION STATES OF THE MANTLE AND CONTROLS ON EVOLVED VOLATILES. 
R.J. Arculus, D.A. Gust* and R.D. Holmes, Research School of Earth Sciences, 
Australian National University P.0, Box 4, Canberra A.C.T. 2500, Australia. 
*Current address: N.A.S.A., L.B.J. Space Center, Houston, TX 77058, U.S.A. 

The oxidation state of the upper mantle reflects the variety of pro- 
cesses that have occurred since mantle formation about 4.5 byr ago. For 
example, protocore-mantle equilibrium, meteorite bombardment, magma extract- 
ion and infiltration, metasomatic fluxing and lithosphere recycling may have 
all combined to result in distinctive intrinsic oxygen fugacity (f 02 ) sig- 
natures in specific mantle materials . The influence of oxidation state on 
evolved volatiles is important with respect to the nature of the degassed 
'species and the possibility that there has been a secular change in these 
species through time. There is presently some controversy over the buff-^ 
ering agents in the upper mantle:- carbon- carbonate or ferrous-ferric equil- 
ibria being the rival contenders. Furthermore, the significance of electro- 
chemical cell determinations of intrinsic f 02 with respect to in situ oxid- 
ation states in the upper mantle and magma genesis are points of contention. 
Wo present some new data which bear on these general problems. 

Recent measurements of the intrinsic fO^'s of (1) peridotites (and spi- 
nels separated therefrom), (2) megacryst spinels, (3) kimberlite-hosted 
raegacryst ilmenite, ( 4 ) alkali basalt-hosted magnetite bearing cumulates 
have revealed dramatic variations in the redox state of these mantle-derived 
materials. These variations in f 02 may exceed six orders of magnitude. 
Repeated determinations of the free energy of formation of standard oxides 
with stabilized, 02 «specific Zr 02 electrolytes reveal no discrepancy with 
accepted data, so that erratic behaviour of the cells does not seem to be a 
problem in intrinsic f 02 measurements. 

Type 1 (chrome diopside type) spinel peridotites from widely dispersed 
localities in Australia, U.S.A. , West Germany and Japan have intrinsic f 02 ’s 
close to the iron-wiistite (IW) buffer curve in T-f 02 space. Other intrinsic 
f 02 data consistent with a reduced upper mantle have been published for a 
marine-erupted Hawaiian basaltl, the Bushveld^ and Skaergaard^ intrusions. 
Interestingly, where calculation of f 02 for given peridotite assemblages 
have been made through application of equilibrium of the sort 6 Fe 2 Si 04 + O 2 
^ 3 Fe 2 Si 20 ^ + 2 Fe 3044 ^ oxidation states between IW and fayalite-magnetite- 
quartz (FMQ) have been determined. However, intrinsic and calculated f 02 *s 
do not coincide with the former determinations being reduced by up to an 
order of magnitude or more,. It is possible that defect structures in the 
spinel phase (cation excess) are responsible for this discrepancy in calcul- 
ation (see also ^) . 

Measurements of intrinisc ©2 rarer upper mantle-derived rock types 
and mineral species have revealed that oxidailon states considerably higher 
than IW may exist in the upper mantle. For example, megacryst ilmenites 
associated with several southern African kimberlite pipes have intrinsic 
f 02 ’s close to the Ni-NiO (NNO) and FMQ buffers. These values are more oxi- 
dized than those calculated by Eggler^ for oUvine-orthopyroxene-ilmenite 
assemblages from kimberlites, and are not compatible with the stable exist- 
ence of graphite or diamond in kimberlite fluids, Similar oxidized values 
have been obtained for megacryst ilmenite from the alnoitic breccia pipes 
in the Solomon Islands^. Type 2 (aluminous augite type) peridotites from 
San Carlos (U.S.A.) and magnetite in cumulates from alkaline rock t>'pes in 
eastern New South Wales (Australia) are also close to or more oxidized than 
the NNO buffer (e. g. log^ Qf 02 ~ -9.0 at 1000°C) . 

Type 1 peridotites are regarded by most petrologists as representative 
of the major portion of the shallower upper mantle. However, the volumet- 
rically minor portion represented by type 2 peridotites and sampled by 
kimberlitic and alkaline igneous activity points to the existence of strongly 
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oxidized source areas in the mantle. Because these oxidized sources are 
associated with volatile-rich magmatism, their influence on the composition 
of erupted volcanic gases may be considerable in spite of their limited vol- 
ume. The important point is that a range of intrinsic f02’s exists at pres- 
ent in the upper mantle, and the most important questions that need answer- 
ing are 1) What are the relative proportions and significance of these var- 
ious oxidation states? 2) What are the origins of these varied stat.»^s? 

3) How long has the dispersion in oxidation states persisted? 

Possible explanations for the development of contrasted oxidation states 
in the upper mantle include: (1) long-term (1 Gyr) recycling of ancient, sub- 
, ducted lithosphere® and associated crustal layers previously exposed to hyd- 
rosphere-biosphere activity may result in localized oxidation^; (2) upward 
fluxing of volatiles derived from zones in the lower mantle where segregat- 
ion of Fe3+ -bearing silicate-oxide assemblages from core-forming Fe metal 
(produced during Fe2+ disproportionation) may produce local oxidation; (3) 
the range of oxidation states may reflect the differential diffusion rate of 
H 2 with respect to other potential volatile species (in the system C-H-O-S) , 
One might expect the first two processes to be important factors in large 
terrestrial planets such as Earth (and Venus?) . Wlicreas the third process 
may operate in any planet with sufficient volatile complement, and subjected 
to variable internal heating. Finally, it is worth noting that both carbon- 
carbonate and Fe2+ - Fe®"^ equilibria may be locally important, dependent 
on the relative molar concentrations involved. 
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FLUID INCLUSIONS IN METEORITES { DIRECT SAMPLES OF EXTRATERRESTRIAL 
VOLATILES. L*D. Ashwal M.T. Colucci 0.2), p. Lambert 0), d.J. Henry(3). 
and E.K. Gibson, (1) Lunar and Planetary Institute, Houston, TX 

(2) Rutgers Univ., New Brunswick, NJ (3) NASA Johnson Space Ctr,, Houston, TX 

Fluid inclusions have been found in 9 meteorites (both falls and finds) 
representing a wide variety of petrologic classes and type$; diogenite ALHA 
77256 and chondrites ALHA 77230 (L4), ALHA 77299 (H3), Bjurtole (L4), Faith 
(H3), Holbrook (L6), Jilin (H5), Peetz (L6), and St. Severin (LL6). Ample 
petrographic and other evidence exists to conclude that the inclusions are hot 
artifacts introduced from terrestrial sources or during sample preparation (1). 

Petrographic examination reveals that all these meteorites have experi- 
enced a complex sequence of events. For diogenite ALHA 77256 these include, 
from oldest to youngest; (A) crystallization and accumulation of orthopyroxene, 
(B) slow cooling in a plutonic environment, (C) shock induced fracturing, 
brecciation, and planar deformation (P>20GPa), (D) thermal metamorphism (T~ 
900°C)(2), (E) mild shock (P<20GPa). All chondrites examined show evidence 
of at least some shock and/or thermal effects possibly analogous to (C-E) of 
ALHA 77256. Fluid inclusions are generally restricted to large (1-2 mm), 
primary (?) orthopyroxene crystals in the diogenite, and to clear, transparent 
olivine in chondrules or chondrule fragments in the chondrites. Inclusions 
appear to be absent from mechanically deformed (i.e. highly fractured or 
breed ated) areas in all samples. 

Two types of inclusions have been identified. Type 1 inclusions are most 
abundant and occur(in all 9 meteorite^ either isolated or in small clusters. 
These inclusions have the following common properties; (a) variable shape and 
size (generally 5-10/im or less; up to lOO^m), (b) presence of 2 phases 
(liquid + vapor) at T^qq^^, (c) broad range of homogenization temperature (T^^) 
of L+V to L within individual meteorites (T^ •= 30° - 300°C with no preferred 
value), (d) apparent difficulty in observing freezing phenomena, i.e. recog- 
nition of an observable crystalline phase at low (-180°C) temperatures, (e) 
continuous decrease in vapor bubble volume on heating from -180°C to T^^, and 
(f) strong fluorescence levels during laser Raman spectroscopic (LRS) analysis. 
Properties (a-c), along with an observed Raman vibration band at 3200-3600 cm”^ 
in ALHA 77256 (1) are consistent with an aqueous fluid, but the fluid cannot 
be pure H 2 O because of (d-f). Warner et al . (1) inferred a large solute con- 
tent, possibly salts, based on observations of change in vapor bubble morphol- 
ogy from deformed to spherical at -20° to -25°C. Recent work indicates that 
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complex hydrocarbons may be an important constituent of these fluids (3), Evi- 
dence includes; (i) fluorescence of the inclusions under UV excitation, (ii) 
precipitation of graphitic material within the inclusions during some LRS 
experiments, (iii) detection of a broad Raman band at about 2900 cm"^ , char- 
acteristic of C-H stretching. The broadness of this LRS signal suggests a 
higher aliphatic hydrocarbon than simple methane. Type 2 fluid inclusions, 
identified thus far in diogenite ALHA 77256 and L4 chondrite Bjurbole occur 
exclusively along healed fractures. In the diogenite, these are parallel to 
major shock-induced fractures produced during event (C) above. Preliminary 
microthermometry on type 2 inclusions suggests that their compositions may be 
different than type 1 inclusions. 

IMPLICATIONS ; (a) The similarity of fluid inclusions in the chondrites 
and the diogenite may have implications which bear on current theories as to 
where meteorites come from. Plausible sources of fluids available for inte! 
action with meteoritic material include hydrous or carbonated minerals, such 
as are present in carbonaceous chondrite matrices, and ices. These fluids 
may have been released from either source by heating due to impact processes 
(4) or to radionuclide decay (possibly of short-lived radionuclides such as 
^^1 (5,6)), The origins of these fluid inclusions must await further char- 
acterization of their chemical compositions and distributions, (b) Different 
generations of fluid inclusions can be identified in these meteorites despite 
their complex histories. It appear" likely that such inclusions are able to 
survive (but perhaps not intact) moderate shock and thermal events. This is 
in agreement with fluid inclusion studies of terrestrial impactites (7), and 
with our observations of surviving fluid inclusions in microcline which had 
been experimentally shocked at about 20 GPa. (c) A better understanding of 
the relationship between the observed fluid inclusions and the shock and 
thermal events must await experiments which address the behavior of such 
inclusions during varying shock conditions. 

REFERENCES ; (1) Warner, J.L. et al . (1982) Proc. Lunar Planet. Sci. 

Conf. 13th, in J. Geophys. Res., in press. (2) Hewins, R.H. (1981) Lunar & 
Planet. Sci. XII, p. 445-446. (3) Adar, F. et al . (1982) Meteoritics, in 
press. (4) Lambert, P. and Lange, M.A. (1982), this volume. (5) Lee, T. et al . 
(1976) Geophys. Res. Lett. 3 , 109-112. (6) Irvine, W.M. et al (1980) Nature 
283, 748-749. (7) Pagel , M. et al . (1975) Fortschr, Mineral. 5 ^, 479-489. 
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THERMAL AND DEGASSING HISTORIES OF THE EARTH AND VENUS I. Barlgelletti and 
G, Visconti, Istltuto dl Fisica, Uuiverslta dell’Aquila, 67100 L'Aquila, 

Italy 

Studies based on the morphology of the Venus surface have suggested the 
possibility that the evolution of the atmosphere is closely related to the 
thermal history and tectonics of that planet (Phillips et al.^', Phillips 
and Malln^), On the other hand, the atmospheric temperature depends mainly 
on the amount and composition of the degassing material. Another possible 
Influence of the atmosphere is through the amount of water vapor recycled in 
the astheno sphere. Thus It is of considerable Importance to ascertain the 
epoch of possible destabilization of water on the surface of Venus, 

We preser.it the preliminary results of a model which takes into account 
the evolution of the atmosphere and the thermal history and lithosphere 
growth on Venus. Comparisons are also made with some cases calculated for 
the Earth, 

Surface temperature is determined radiative code as suggested by Pollack^. 
The bases contributing to the radiative balance are carbon dioxide and water 
Vapor and opacities are evaluated on 13 wavelengths intervals. The equilibrium 
temperature of the surface is obtained with a relaxation technique (Ramanathan^) 
imposing the equality of the net solar flux and IR flux at the top of the 
atmosphere. The thermal structure of the atmosphere is fixed with a constant 
lapse rate of lO'^/km, up to radiative equilibrium temperature (tropopause 
level). Above this altitude the temperature is assumed constant. The albedo 
through all epochs is fixed at 0,7 so that the surface temperature is 740 K 
for the present atmospheric conditions. In this approximation surface ^ 
temperatures were calculated for the degassing histories given by Walker . 

Results are presented in Fig. 1. Early degassing of both carbon dioxide and 
water vapor is responsible for the high initial temperature while a continuous 
degassing of carbon dioxide up to 100 bars pressure gives high temperature 
between 0.5 and 2 b.y. Minimum mixing ratio for water vapor is assumed at 
5 X lO^'^. Both scenarios presented by Walker include large amounts of oxygen 
which could Influence surface temperature by absorbing UV solar radiation. 

These temperatures were used as a boundary condition to calculate mantle 
cooling and lithosphere growth with a parameterized convection model as in 
Schubert et al. This model includes a radioactive source decaying with time 
while spherical geometry is taken into account to calculate mantle heat 
balance. 

For Venus we have used the same parameters as for the Earth except for 
(.the mantle outer radius) and Rj. (the inner radius) which were taken 
5551 km and 3310 km respectively. Fig. 2 shows examples of the cooling 
histories for the surface temperatures previously found. For comparison we 
also show a case calculated for the Earth. This case refers to a surface 
temperature of 273 K while for both planets the initial mantle temperature 
is taken 3273 K. Fig. 3 shows the lithosphere thickness for a constant surface 
temperature and for the temperature given by curve A in Fig. 1. Both lithosphere 
thickness and mantle temperature are very sensitive to the initial mantle temper- 
ature in the case of Venus (high surface temperature) shgwing even an initial 
temperature rise for mantle temperatures lower than 2000 C, Also the influence 
of the surge in surface temperature between 0,5 and 2 b.y* is felt mainly by 
the lithospheric growth although the final value of the thickness is not 
affected. On the other hand mantle temperature is only marginally affected. 

We plan to improve further our model by introducing a crust separated from 
the lithosphere as in ^ to study lithosphere stability. We also plan to consider 
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feedback between degassing and surface or mantle boundary heat flux# 
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Figure 1. Surface temperature of Venus for the degassing 
scenarios suggested by Walker^. Curve A is for a continuous 
degassing of carbon dioxide and curve B is for early catastrophic 
degassing of water vapor. 
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Figure 2. Mantle temperatures as a function of time^for the 
Earth and Venus. Initial mantle temperature is 3272 K. The 
dashed line refers to a surface temperature of 740 K while the 
dashed-dotted line to a surface temperature as in case A in 
Fig, 1. 



Figure 3. Lithosphere thickness for Venus for a fixed surface 
temperature (curve A) and changing surface temperature (curve B) 
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MODEL STUDIES OF O2-BIOTA COUPLING IN THE PRECAMBRIAN 
M. E, Baur , Department of Chemistry, University of California, 
Los Angeles, CA 90024 
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applied to presumed Precambrian conditions, we reach the somewhat 
paradoxical conclusion that the development of fully anoxic zones 
could not occur until an 02-dependent biota had evolved, that is, 
until atmospheric O2 levels had reached some critical value in 
late Archaean or early Proterozoic time. Sequestering of reduced 
carbon in such anoxic zones may have acted in turn to accelerate 
atmospheric O2 buildup, yielding a pronounced positive feedback 
effect betreen the rise in O2 and the proliferation of O2 res- 


pirers. If such a mechanism were indeed 
or Proterozoic time, then a quite rapid, 
in ambient O2 levels may have occurred. 
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Implications of Stable Isotope Variation in a Banded Iron Formation 
for Precambrian Volatile Reservoirs 

M. E. Baur, 0. M. Hayes and M, R. Walter 
Precambrian Paleobiology Research Group 
University of California at Los Angeles 
Los Angeles, California 90024 

We discuss the mechanism of genesis of banded iron formations (BIF), 
common sedimentary structures of the early and mid Precambrian^ in the con- 
text of recant advances in our understanding of Precambrian geochemistry 

2 3 4 

and microbial ecology ’ based on carbon stable isotope analyses . 

1 q 

Extensive collections of data on the C content of Precambrian 

1 3 

sediments reveal no clear overall trend in 5 C through Precambrian and 
Phanerozoic time, though large excursions from the mean seem more coiiinon 
in the Precambrian than subsequently. If the distribution width a for 
the individual formations is plotted, however, it is seen that a clear 
break occurs somewhere between 1.5 and 2.0 Ga ago. This may reflect a 
decrease in ecosystem diversity following upon establishment of an 02 - 
rich atmosphere^; previous to this time CH^ could have formed an impor- 
tant part of the terrestrial atmosphere and its presence could explain 

3 

the existence of isotopically light carbon in many Precambrian sediments . 

1 3 

These trends are displayed in Fig. 1, in which Cppg and a are plotted as 
functions of time of deposition for Precambrian and Phanerozoic argillaceous 
sediments. 

The specific BIF which we have studied are from the Hamersley Group 

of Western Australia . The characteristic structural feature of BIF is a 

more or less thin lamination with iron-rich and iron-poor layers alternating. 

Powder samples milled from individual laminae for two BIF of the Hamersley 

Group, the Marra Mamba Iron Formation and Bruno's Band of the Mount Sylvia 

Formation, were analyzed for carbon and oxygen isotopic composition. 

1 3 

We found a sharp and reasonably regular alternation of 6 C, iron-rich 
zones being isotopically lighter. The isotope trends are shown for the 
Marra Mamba sample in Fig. 2. We interpret these results to mean that two 
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distinct nwbne cai'bon ^'eservoirs mm present 1n HaniersTey tlnie, contribu- 
ting in varying proportion to the carbonate mineral deposited in sediment. 
OnOj presumably, was the hydrosphet^ COg reservoir, with near xero 
as on the present Earth. The other must l^ave been biologically coupled 
and contained very light carbon*, tl\e most plausible candidate is that 
it consisted of methane, produced biogenically and oKidized to isotopically 
light carbonates in the sediments or anoxic part of the water column. 

The delicate balance bet\Moen oxic and anoxic processes implied by this 
presumably could not exist after establishment of a massively oxygenic 
terrestrial atmosphere, and BIF formation ceased thet'eafter. The termina- 
tion of BIF genesis in late Protei'ozoic time thus is consistent with the 

13 

trends In overall Pi'ccambHan sedimentary d C values. 
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FIGURE 1 
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VOLATILES AND SOLAR-NEBULA MODELS, D.C. Black, NASA Pmes Research 
Center, Moffett Field, CA 

The study of planetary volatiles is a multi-faceted problem which can 
be divided into three general subproblems; the formation and evolution of the 
solar nebula, the interaction between planets and their environment, and the 
physical/chemical, evolution of planets. These three are not mutually exclu- 
sive, but given the embryonic state of knowledge concerning planetary 
volatiles and the potential significance of enhanced knowledge in constrain- 
ing our understanding of a variety of planetary and nebular phenomena, these 
subproblems are of heuristic value. The focus of this paper will be on the 
subproblem of the formation and early evolution of the solar nebula, empha- 
sizing possible relationships between events/processes in that formation and 
evolution with the general problem of planetary volatiles. 

Years of analysis of lunar, meteor itic, and terrestrial samples, and 
nearly two decades of spacecraft exploration of the solar system does 
not yet permit specification of even the more fundamental characteristics of 
the putative solar nebula. For example, there is no unequivocal evidence as 
to the mass of the nebula; was it massive (a^IM^ ) or was it a so-called 
"minimum-mass" nebula (a/ C. 01-0. 02M^ ) ? There is also no clear evidence as 
to the thermodynamic evolution of the nebula, although the past decade of 
meteoritic studies have shown rather clearly that an earlier paradigm in 
which a reasonable portion of the nebula was hot (i.e., 1500-2000K) is 

not consistent with available data. 


One can identify at least four aspects of solar nebula formation and 
evolution which relate to the study of planetary volatiles. It would be 
useful to know how the elemental and isotopic composition of volatiles, in 
both the gas and solid (i.e., dust grains) phases varied in time and space 
as the nebula evolved. One would also like to know the evolution of physical 
conditions in the nebula in terms of the way(s) in which those conditions 
influence or control the process of planet formation. Finally, one would 
like to know the nature of planet-nebula interactions, specifically those 
which affect volatile inventories in planetary bodies. 

The purpose of this paper is to present a brief review of competing 
models of the solar nebula, as well as to outline some rather general theo- 
retical considerations which delineate generic nebular formation and evolu- 
tion behavior. Possible consequences of those theoretical constructs for 
studies of planetary volatiles in general, and of the noble gases in 
particular, will also be discussed. 


PROGRESS in THE EXPERIMENTAL INVESTIGATION OF VOLATILE 
COMPONENTS IN VAPORS AND SILICATE LIQUIDS AT HIGH PRESSURES 


Art Boettcher, Institute of Geophysics and Planetary Physics and Depart- 
ment of Earth and Space Sciences, University of California, Los Angeles, 
California 90024 

In the mld-60's, we achieved the capability of routinely experimen- 
tally examining the role of H2O and other volatile components In melting 
and other phase transformations at pressures > 10 Kbar, l,e., pressures 
equivalent to those in the mantle of the Earth. At these pressures, 
aluminosilicate magmas (e.g., basaltic) can dissolve > 15 wt% H2O — i.e., 
> 70 mole% (1). At pressures < 10 Kbar, H20-saturated fusion curves of 

silicate and aluminosilicate minerals have negative dP/dT slopes; at 
higher pressures, they become positive as a result of the increasing 
density of H2O and also of minerals as the result of phase transformations 
(2), In 1970, we (3) demonstrated that COg is quite soluble In basaltic 
liquids at > 15 Kbar, and this has been substantiated in many synthetic 

silicate and aluminosilicate systems (e.g., 4,5). Tlius, at Earth-mantle 
pressures, anhydrous, as well as hydrous and/or carbonated, silicate 
systems have fusion curves with positive dP/dT slopes, the latter are 
displaced to lower temperatures as the result of the solubility and nega- 
tive free energy of mixing of the H2O and/or CO2 in the silicate liquids. 
Thus, when the proportion of H2O and/or CO2 is sufficient to saturate the 
System and form a vapor phase, the teaiperature of the beginning of melting 
and the composition of the first-formed liquids are functions of the ratio 
of H2O/CO2 (i.e., of the fugacities of these components) (6). However, 
when the proportions of CO2 and H2O are insufficient to make all of the 
potential hydrous and carbonate crystalline phases (e.g., amphiboles and 
dolomite) , the values of iill20 and UCO2 are isobarlcally invariant, and 
the temperatures of the beginning of melting and the compositions of the 
first-formed liquids are independent of total H2O/CO2 (7). 

The discovery that CO2 reacts with olivines and pyroxenes to form 
carbonates at depths < 100 km (8) is significant because primary (Mg- 
rich) carborate is extremely rare in mantle-derived samples, suggesting 
to me that the mantle may be more chemically reduced (9) than accepted 
by many petrologlsts, and reduced G-bearlng species may be more important. 
Reactions similar to the carbonation of olivines and pyroxenes may also 
occur in silicate liquids at about 20 Kbars, explaining the remarkable 
increase in the solubility of GO2 in these liquids above this pressure 
(3,10,11) . That is, the abrupt Increase in the solubility and |£eezing- 
point depression may result from an Increase in the ratio of GO3 /GO2 in 
the liquid (1,4,11). However, the presence of GO3”' in liquids requires 
non-bridging oxygen ions (e.gg, 4) as well as cations such as Ga or Na 
for charge balance, and no GOg" is expected in melts of SIO2 composition. 
Nevertheless, recent experiments in the system Si02-H20-G02 (12) reveal 
that GO2 is very soluable in the liquid above 20 Kbar, suggesting that 
molecular GOg is the major, if not the only, carbon-bearing species in 
this liquid. 

Our recent studies of the melting of silicate and aluminosilicate 
minerals in the absence of vapors (13) and in the presence of H2O-GO2 
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vapors (11,14) provide thermodynamic data for liquids and vapors at 
high pressures that previously were unobtainable. Nevertheless, pro- 
blems occur with this approach because of a lack of knowledge of the 
absolute solubilities of carbon-bearing species in the liquids and of 


the effects of such solubilities on the values of Yjjjo* example, 

activity coefficients for H 2 O determined experimentally in the systems 
albite-HgO-COa (11) and SiOa-HaO-GOa (12) yield values of Yj|.q in the 
vapor that are strongly dependent on the ratio of HgO/COg in^the vapor, 
whereas those determined in the system sanidlne-Si 02 -H 20 -C 02 are much 
more nearly those of ideal solutions (14), Despite these and other 
uncertainties, the experimental approach has enabled ui a-o gain in- 
sight into the structures of silicate liquids and to derive thermo- 
dynamic parameters for them. This approach provides us with much more 
reliable fusion curves than those calculated from thermochemical data 
color Imetrically determined at atmospheric pressure and using metoatable 
glasses rather than stable liquids. For example, our experimentally 
determined, vapor -saturated solid! in the presence of GOg-rlch vapors 
in the system alblte-H 20 -C 02 are hundreds of Kelvins lower than those 
previously calculated. Similarly, phase transformations in alumino- 
silicate liquids at high pressures (particularly the Al^V Al^^ trans- 
formation) result in fusion curves that depart markedly from those cal- 
culated from volumetric and thermodynamic data obtained at atmospheric 
pressure (13,15), 

Continued experimentation at high pressures, coupled with calori- 
metric and spectrographic investigations of glasses and, preferably, 
liquids, will enable us to more nearly quantify our understanding of the 
processes in the interiors of planets tliat involve volatile components, 
including melting and the origins of atmospheres and hydrospheres. 
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MICRORIAL metabolism of organic molecules PROmiCED BY CHEMICAL SYNTHESIS 
IN A REDUCING ATMOSPHERE; IMPLICATIONS FOR THE ORIGIN OF LIFE 

Ppnelone U. Boston, Dent, of Environmental, Population, and Oroanismic 
Bioloov, University of Colorado, Boulder, CO 8030R 

Carol Stoker, Dept, of Astro-Geophysics, University of Colorado, Boulder, 
CO 80309 

Tholins, a class of complex organic solids, have been produced under 
laboratory conditions using a reducing mixture of oases including methane 
and ammonia (1). Tholin hydrolysis yields amino acids. Its pyrolysis 
products contain many other compounds of biological significance (2). The 
tar-like tholin (oroduced by sparking an eouimolar mixture of NH 3 and CH 4 
with 2 . 6 % water vapor) is used as a carbon or energy source for these 
oroanisms. 

We have isolated a variety of micro-organisms which are capable of 
metabolfzino tholins. Isolations have been performed under both aerobic 
and anaerobic conditions. Using samples of several dry Colorado soils, 
anaerobic lake mud, and tarsands from Utah, aliquots were first enriched 
with tholin to encourage possible tholin metaholizers. Organisms which 
showed growth were then separated into pure culture by streaking or 
differential plating. Pure cultures were tested for tholin metabolism 
using basal salts-silica nel medium pairs with and without tholin. Light 
was excluded to inhibit phototrophs. If growth occurred in the no-tholin 
control, the organism was assumed to be fixing CO 2 and discarded. Strains 
growing in tholin medium as the sole carbon source were retained and 
identified to the genus level. 

The maiority of thoTin-positive strains isolated under ambient oxygen 
conditions are actually microaerophiles (demonstrated by banding in oxygen 
gradient tubes) preferring reduced oxygen tensions. Several of these have 
been tested for tholin metabolism under anaerobic conditions. Some 
•strains are capable of facultative anaerobic metabolism of tholin. 
However, growth is much slower (8-10 weeks) than under aerobic conditions 
(about one week). 
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Organisms isolated under strictly anaerobic conditions exhibit very 
lonq laq times before visible growth (B-10 weeks). The differences in 
growth rate between aerobes and anaerobes (either strict or facultative) 
are in keening with the ralative efficiencies of aerobic versus anaerobic 
meabolism (3). Our organisms have been grown on tholin concentrations of 
0.033%, 0.05%, 0,1%, and 0.5% (w/v). 

Production of organic orecursor compounds by inoroanic chemical means 
is a salient feature of virtually every scenario for the origin of life 
(4). In some of these, notably the classic Onarin-Haldane (5) and Miller- 
Ijrey ( 6 ) scenarios, a hiohlv reducino atmosphere including the 
constituents methane, ammonia, and water prevailed on the primitive 
F.arth. Tholin compounds, which could have provided a source for either 
the molecular building blocks of life or potential precursors to them, are 
easily synthesized In such a reducing atmosphere (7). 

Recently a case has been made based on the atmospheric photochemistry 
of ammonia (fi) and geochemical evidence that the primordial atmosphere 
consisted primarily of H 2 , CO 2 , and M 2 (9). In such an atmospheric mix, 
however, it is difficult to produce the rich variety of organic compounds 
observed in tholins. 

The demonstration of microbial growth on tholin has implications for 
the chemical environment that led to the origin of life and early cellular 
evolution on Earth. The results suggest that terrestrial organisms 
originated in a chemical environment in which tholins or similar 
substances were present as a source of energy and materials, either 
produced from situ reservoirs of CH 4 and NH 3 or introduced by 
extraterrestrial means such as meteoritic infall. 

To test the Oparin-Haldane view of early life in light of our 
microhiologv results, using tholins as the abiologically produced food 
substance, we have considered a highly simplified picture of the primitive 
biosphere. We envision this as sometime after the origin of primitive 
entities or cells but befor the invention of any sort of autotrophy.- 

Let us consider the flux of organic carbon reouired to sustain a 
postulated primitive biosphere. A simple model has been calculated using 
the following assumptions: 
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(a) THe bioactive zone, 1*e, the area In which the microbes live, Is 
restricted to the upper 10 m of the ocean, taken as olobal. This Implies 
a volume of the bioactive zone V equal to the surface area of the Earth, 
S.IO X 10^^ cm^ multiplied by 1000 cm, or V = S.lO x 10^^ cm^, 

(h) Minimal densities of heterotrophs--1 .e. , number densities of the 
order of 10^-10^ microbes per cubic centimeter are assumed to live on 
abloloolcallv produced orqanic compounds like thollns. 

(c) Maintenance carbon and eneroy source requirements for primitive 
hetrotrophs are based on data for Methylmonas , (a species of 
methyl otrophlc archaehacterla ) qrowin.q anaerobically on nlucose at .05 
Moles qlucose/qm dry wt per hour. (10) The molecular weight of glucose 
(Cfi HjLgOj^) is 180 q/Mole; therefore the maintenance energy source 
required, R, is 0 qm/am dry wt per hour. 

For the microbes themselves, we assume an average diameter of 2 
micrometers, and an average Individual density of 1 om/cm"^. This yields 
a volume of each organism equal to 4.10 x 10’^^ cm^. Since the dry weight 
of mocrobes Is about 10% of their net welaht, this dry weight Is 4.19 x 
10“13 qp, pqp orqanism. Therefore B, the dry biomass of a colony growing 
at density 10^-10^ cm"^, is 4.19 x 10"^^ to 4.19 x 10"^^ cm“^. In the 
calculations which follow we assume the lower value. 

tilth these parameters and assumptions it Is an easy matter to 
calculate the flux of organics required to maintain the organisms. The 
flux out (i.e., what they eat) must equal the flux in (by whatever 
mechanism). Multiplying R x R x V, we obtain a flux out of 1.04 x 10"^^ 
qm cm"2 sec"^ per unit area on the surface of the Earth. Since the tholin 
compounds which are the postulated nutrient source are 46% carbon, (1), 
this represents a fixed carbon source of 2.5 x 10^^ mol cm~^ sec~^ . We 
may consider this an absolute lower limit to maintain a biosphere, given 
the stated assumptions. 

There are essentially two possible limitations to the rate at which 
carbon can be fixed and made available to the biosphere, (a) carbon and 
other reactant limitations, and (b) energy source limitations. 

First, we consider possible sources of organics, which include 
abiotic systhesis in a terrestrial formation process and/or possible 
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extraterrestrial sources, such as comets and meteorites. 

Considering the rate of supply of orqanic materials from carbonaceous 
ehondrite meteors leads to severe difficulties in obtaininq the necessary 
carbon from this source, Wethrill (11) indictes that the impact rate of 
late accretion decreased exponentially over a period of 4.B-3.9 G yrs. 
aqp, from BO x 10^ qm sec”^ to 10^ qm sec"^, Chanq (12) has estimated 
that volatile orqanic compounds constitute 0.05% of Murchison meteorite. 
Hayes (13) reviews the orqanic content of meteorites and shows that the 
extractable organic carbon in meteorites is -at most 1,5%. Taking the 
highest impact rate and assuming that all the organic material in the 
meteorites reaches the earth intact, we aet a maximum total flufe of 

orqanic carbon of (5.0 x 10^ qm sec"M x (1.5 x 10“^) = 7.5 x 10^ gm sec" 

or 1.5 X 10^12 pp, (,^--2 sec’ll pyer the Earth's surface. This is an 
order of magnitude short of the requirement to sustain microbial life. 
Furthermore, the assumptions used to arrive at this figure are 
unreasonably optimistic. We therefore conclude that organic material 
required to sustain a primitive biosphere could not have been derived 
solely from the influx of carbonaceous meteorites. 

Next we consider abiotic systbesis of organic carbon from a 
terrestrial formation process. Figure 1 shows the flux of possible carbon 
sources into the atmosphere. The relevant carbon sources are CH/|, CO, and 
COg. For the case of methane, the outgassing rate appears to be too low 
to si.f.^ly fixed carbon to the biosphere. Methane is also photochemically 
unstable, though from the standpoint of supplying carbon to the biosphere 
that is not a problem, since its photochemical products are the very 
organics postulated to sustain the biosphere. (14) However the methane 
flux into the atmosphere to supply the biosphere would have to be at least 
F in = 2.5 X 10^^ mol cm"^ sec"^, or 4 order of magnitude greater than the 
current rate. Clearly methane could not have supplied the needed carbon, 
unless the methane flux into the atmosphere was much higher than at 
present. 

Of the other possible carbon sources, CO 2 may have been quite 
abundant but does not appear to be very useful for the formation of 
organic compounds, except possibly in a hydrogen rich environment. (15) 
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Estimated fUix of carbon Into the terrestrial atmosphere as 
orovldod b.y volcanic sources, oceanic hot springs and meteor 
impact. The volcanic source estimate Is based on the 
assuiHntlon that the carhon at the surface of the Earth was 
released at a constant rate over a period of 5 x lO” 
years. The two extremes are for the cases with and without 
metal “•snicato-volatnes equlllhratton between the core, 
surface metals and the mantle (IC). Methane evolution from 
oceanic hot sprlnos 1s reported In ref. (14). It 1s 
difficult to determine this floiire from In situ measurements 
today because methanoqenic bacteria 11 vino ' In the hot 
snrlnqs mav b" metaboUxIno a si enif leant fraction of the 
evolvlnq methane before It reaches the surface. The rate of 
CD flux from meteorltlc Impact Is derived by assumlnq that 
late accreting planetesimals supplied the entire Inventory 
of atospheric volatiles, and that carhonaceous chondrltlc 
planetesimals were vaporized on Impact to yield up their 
carhon entirely as CD In ^10^’ years . This value represents 
an upper limit (IB). 
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This leaves CO as a candidate to suoply the required carbon. 
Relatively few organic synthesis experiments have been performed using 
carbon monoxide. We don't know, for example, much about energy 
requirements for CO reactions, nor have we established that organisms can 
metabolize CO-generated products. Carbon monoxide as supplied from direct 
impact of late accreting planetesimals could have provided a large enough 
carbon source, assuming somewhat optimistically that the planetesimals 
provided the large fraction of the Earth's complement of volatiles and 
that the planetesimals vaporized on impact to form CO. (16) These 

assumptions lead to the value quoted in Figure 1 which is the average CO 
flux over BOO million years. This type of source would necessarily be 
episodic, providing abundant atmospheric CO at some times and none at 
others. 

Now we consider the energy efficiency of carbon fixation required to 
sustain the postulated biosphere. Table 1 shows the energy sources that 
can contribute to fixation of carbon into an organic form as well as 
experimental results for the production rate for the amino acid glycene in 
prebiotic synthesis experiments involving NH 3 and CH 4 . It is important to 
notice that shock heating is a more efficient process for organic 
synthesis than short wavelength ultraviolet light by six orders of 
magnitude. Multiplying column 1 by column 2 in Table 1 shows that the 
maximum allowed production rate of glycine is p = 2.2 x 10 ^^ mol cm"^ 
vr"^, if every eVg of energy is absorbed (19). Glycine is the most 
abundant amino acid produced in these experiments, with typical production 
0 ^ about 1% of the initial carbon in the reactants. If we assume that the 
total organic production is 100 times the glycine production (thus 
assuming the maximum possible organic production allowed), and the average 
molecular weight of compounds produced is 100 , we get the flux of organics 
allowed by energy considerations as F in = 1.4 x 10"^ gm cm"^ s"^. Thus a 
lower hound to the energetic efficiency of conversion Of atmospheric 
carbon to an organic form of approximately 1% is required to sustain the 
biosphere. It remains to be seen whether such a high efficiency is 
reasonable for realistic organic formation processes in the Earth's 
atmosphere. 


TABLE 1 : AVAILABLE ENERGY 
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In summary, our new resuH--that anaerobic heterotrophic 

microorqanisms are able to metabolize tholin, apparently at low 

concentrations— suqqests that this material could have been a viable 
enerav source for primitive heterotrophs. Extrapolatina from the 
assumptions of the nparin-Haldane paradigm leads to some definite 

conclusions about the flux of carbon into the primitive atmosphere from 
the time of the origin of life until the development of autotrophy, which 
probably was well established by about 3,B billion years ago. The 
imoortant questions posed bv ^hese results regarding the volatiles 

complement of the primitive Eartb are: whc^t were the probable fluxes of 

carbon into the primitive atmosphere, and what was the oxidation state of 
that carbon during the first half billion years of Earth's history? 
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BRINES AT LOW TEMPERATURES G. W. Brass and V. L. Thurinond, Rosentiel 

School of Marine and Atmospheric Science,’ University of Miami, 4600 Rickenbacker 
Causeway, Miami, FL 

The freezing point of purt water is relatively high compared to 
temperatures prevailing on planei-»ry bodies farther from the sun than 
Earth. Aqueous fluids are, however, stable at temperatures as low as 
210®K if they are sufficiently salty. In fact, the presence of modest 
amounts of those salts with the greatest freezing point depression ef- 
fects requires that aqueous brines form by reaction of salt crystals 
With ice. 

The general rules of freezing point depression are; 1. Sulfates 
are less effective depressors than chlorides. 2. Alkaline Earth chlor- 
ides are more effective than alakli chlorides. 3. Sodium is more 
effective than potassium and calcium more effective than magnesium. 

The four component system CaCl^ - MgClg - NaCl - H 2 O begins to 
melt at 215°K f"58°Cl (Linde, 1958). The effect of ferrous and ferric 
iron chlorides in combination with other salts is being investigated 
now with the differential scanning calorimeter and the results will 
be presented at the meetina along with a suggestion for the production 
of the red coloration of the martian regolith. 

The ternary phase diagram for the system H^O - " M 9 CI 2 

shows both a strong freezing point depression at the eutectic, and 
the stability of several highly hydrated salts at higher temperatures. 

Evaporation of brine leads to the formation of these hydrated 
salts which may buffer the water content of planetary surfaces even 
in the absence of brine or ice. 

Chlorine and sulfur are abundant components of the terrestrial 
excess volatiles. Their presence on other planetary bodies is now 
well established. Their effect on the behavior of water and ice at 
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low temperatures is profound and must be taken into consideration in 
models of planetary volatiles. 



(Figure reproduced courtesy o£ Academic Press, Inc.) 


Stability fields in the system H^O - CaClg - MgClg* from 
• Brass, 1980. 
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WAS TME EARTH'S ATMOSPHERE ANOXIC BETWEEN 3.8 and 2.0 GA AGO? 

Kevin Burke, Department of Geological Sciences, State University of New 
York at Albany, New York, 12222 and Lunar and Planetary Institute, 3303 
NASA Road 1, Houston, Texas 77058. 


Attempting to assess the character of the ancient atmosphere from 
preserved Archean rocks is exceedingly difficult. Although a substantial 
proportion of the continental volume had fractionated from the mantle by 
2.5 Ga ago, only about 2% of continental area exposes Archean rocks that 
have not been subsequently highly metamorphosed. More than half of this 
relatively unaltered terrane consists of plutonic rocks and volcanic rocks 
(mainly erupted under water) make up most of the rest. Archean sediments 
which constitute a relatively small volume of all Archean rocks were mostly 
deposited under water although some are fluviatile in origin. Diagenesis, 
usually under reducing conditions and low-grade metamorphism, have modified 
all ancient sediments. Curtis (1977) wrote "one thing is clear: it is 
difficult to link the mineralogy of ancient sediments with the composition 
of the atmosphere - only with the combined atmosphere/hydrosphere system". 

Because of the prevalence of diagenetic modification some of the 
strongest evidence of the composition of the ancient ocean comes, somewhat 
paradoxically, from the occurrence of pseudomorphs. Gypsum pseudomorphs 
occur in the Barberton ( >3.4 Ga) and Pilbara ( >3.4 Ga) terranes. The 
Implied occurrence of sulfate ions in ancient seawater seems indicative of 
at least slightly oxidizing conditions (but see Clemmey and Badham, 1982 
and Lambert et al . 1978 for discussion of the significance of these 

occurrences). By the Early Proterozoic, evidence, [usually 
pseudomorphous] , of gypsiferous evaporites is relatively common (e.g. 

Badham and Stanworth, 1977). 

The close resemblance between the structures of Archean stromatolites 
and those of today which are built by photosynthesizing, oxygen-producing 
cyanophytes suggests that the ancient structures were produced in the same 
way indicating that free molecular oxygen was being released to the 
atmosphere-hydrosphere system by 3.5 Ga ago. Archean stromatolites are 
quite abundant, in spite of forming in environments in which preservation 
is relatively unlikely, indicating that molecular oxygen release associated 
with stromatolites was probably early a widespread phenomenon. 

The occurrence of sediments and residual deposits which are red 
because of the presence of ferric iron is a strong Indication of oxidizing 
conditions. Archean red beds, for example, in the Lake Shebandowan area of 
the Superior Province (Shegelski, 1980), have been Interpreted as including 
both primary red beds (those involving the deposition of detrital hematite) 
and secondary red beds (involving diagenesis by oxidizing interstitial 
fluids). Gay and Grandstaff (1980) have described, from beneath Huronian 
sediments at Elliot Lake, an approximately 2.3 Ga old soil profile on 
grarnte which shows both iron-enrichment and oxidation. Subaerial residual 
soil profiles are likely to be among the most direct indicators of ancient 
atmospheric chemistry. Beneath an oxidizing atmosphere whether profiles 
are oxidized or reduced depends primarily on the position of the 
water-table; beneath a reducing atmosphere only reduced profiles form. 
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Ar»cient detrital uranlnite has long been cited as evidence of a reducing 
atmosphere, but Simpson and Bowles (1977) showed that all the detrital 
grains from the Witwatersrand basin which they studied contained more than 
1% Th 0, and were similar to the thorian uraninites that survive today in 
the sediments of the Indus River under the modern oxiditing atmosphere. 

Precambrian iron-ores have sometimes been considered related to a 
reducing atmosphere. Here again Curtis' (1977) comments are relevant: 


"At the present time (and through the Phanerozoic) almost all the 
oxidized iron entering the sedimentary column is reduced by organic 

matter" "Rather rare circumstances allow for oxidized sediment 

preservation: either a lack of deposition of organic matter within 
rapidly deposited terrestrial detritus from arid enviror^ents or its 
complete destruction within the uppermost oxidizing layer of extremely 
slowly deposited sediments. The predominance of reduced sedimentary 
iron minerals within the fragmentary Pre-Cambrian record therefore is 
not, of itself, very convincing evidence of a reducing atmosphere." 

At one time there was a suggestion that most Precambrian iron-ores had 
formed at about the same time ^-2.0 Ga ago possibly marking a transition in 
the oxidation state of the atmosphere. More dating has shown that some 
iron formations are older and many are younger than this age. There is no 
great concentration of iron formation of one age and even if there was it 
would be more likely to relate to selective preservation rather than 
selective formation. If there is a peculiarity of Precambrian iron ores it 
lies in their large numbers and the great size of individual deposits (Gole 
and Klein, 1981), Whether these properties indicate geochemical ly 
different conditions from today is not clear. What is clear is that we do 
not understand very well how Phanerozoic iron-ores were formed and that 
Precambrian iron-ores are themselves quite varied (Kimberley, 1978). 

In conclusion it appears that evidence of an early anoxic atmosphere 
is less strong than was once thought and that numerous processes, but 
especially diagenesis, render making Inferences about the oxidation state 
of the ancient atmosphere/hydrosphere system very difficult. Specifically 
isotopic compositions of such elements as sulfur and oxygen are more likely 
to reflect conditions at di agenesis than to reflect the composition of 
contemporary seawater. 
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COMPOSITIONAL CLUES TO THE HISTORY OF THE TERRESTRIAL PLANET 
ATMOSPHERES^ A.G.W* Cjjimeroo, Harvard College Observatory, Camoridge, MA 02136. 

Much has teen made of the so-called 'gradient* In the abundance of ^^Ar in going from 
Venus to Earth to Mars. Attempts to interpret thl$ have led to some strange views of processes In 
the primitive solar nebula. However, my work on other aspects of the history of the Earth-Moon 
system has led me to suspect that the history of the Earth's atmosphere should have been quite 
unlike that of any of the other terrestrial planets. Viewed in this light, the abundances of the 
noble gases in the three terrestrial planet atmospheres would no longer form a 'gradient*. 

The anthropocentric tendency is to assume that the Earth represents the normal condition, 
and that departures from it are anomalies, which need Investigation. However, in this case it 
appears to me more likely that Venus represents the normal condition for the abundances of the 
noble ^\ases, and the Earth represents the anomaly. The reason for this has to d> with the 
presence of the Moon, which is itself a very anomalous body, and the likelihood that the formation 
of the Moon involved the Earth in an energetically-violent episode. 

The pattern of the noble gases in the terrestrial planet atmospheres resembles typical 
patterns of these trapped gas abundances in meteoritic materials. For a long time this has been 
very reasonably interpreted as implying that the bulk of the atmospheres were derived from solids 
impacting onto the planets during tte accumulation process, rather than implying that the gases 
were some sort of remnant of a concentration of the primitive solar nebula toward these 
gravitating bodies, i accept this interpretation. The simplest a priori expectation is that Venus 
and the Earth, being of about the same mass and mostly outgassed, would have about the same 
initial atmospheric content of the noble ga$es. This is consistent with the fact that the planetary 
CO 2 contents of these two objects seem to te about the same. M?rs has a much smaller 
atmospheric mass per unit mass. Unless one Is prepared to assume that outgassing has been 
grossly inefficient, it follows that Mars has suffer^ the bulk loss of a major part of its 
atmosphere, probably from collisions of incoming pianetesimais. 

If one accepts the above point of view, then it follows that the Earth must also have suffered 
a bulk loss of a major part of its atmosphere, in order to reduce the xenon to an intermediate 
level between that of Venus and Mars. In the case of the Earth, one cannot suggest that this has 
resulted from planetesimal impacts, for similar impacts would have produced similar effects on 
Venus. However, there may have been a much more violent event affecting the Earth. 

Bill Ward and I have suggested (1,2) that a major collision with the protoearth was 
responsible for the formation of the Moon. Tte reasoning that led to this conclusion started with 
a calculation of the mass of an object hitting the protoearth tangentially that would te required 
to give the Earth~Moon system its present angular momentum. Tte mass is about that of Mars, an 
order of magnitude larger than the Moon. We then investigated the effects of such a collision. 

If planetary accumulation takes place initially rather rapidly, as I think likely, then the 
initISliy rapid rate of heating will lead to prompt planetary differentiation, so that the two 
colliding objects are likely to have formed cores and their mantles may have been molten. At a 
collision velocity which miBt have been 11 km/sec or higher, solid rock is vaporized and molten 
rock is even more easily vaporized. Hence at the site of the major collision a large mass of vapor 
from rock decomposition products would te formed. After a small anrount of expansion, these 
products will recondense. However, in tte meantime, nongravitational forces in tte form of 
pressure gradients will place a small part of the vaporized mass in orbit around the Earth. Most 
of tte impacting object will te absorbed by tte protoearth after less than one complete orbit 
away from the site of the collision. 

The collision produces an extremely hot environment for the protoearth. I have estimated 
that the internal release of energy will expand tte protoearth by about ten percent in radius. 
The disk of condensed vapors tends to clump and then shear (2), producing a strong tidal 
interaction with tte protoearth, leading to a rapid spreading out and general recession from the 
protoearth toward the Roche limit, where accumulation of the Moon can begin. Dissipative 
friction keeps this materia! heated near the melting point. As a result of these processes, the 
Moon is formed strongly depleted in siderophile elements and the more volatile elements. 

The protoearth is likely to lose practically all of its early atmosphere in this event, possibly in 
part because of the collision, but also because of the Ngh temperature. There is evidence for 
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this in the isotopic composition of atmospheric xenon. The fractionation pattern exhibited by the 
xenon isotopes is unique in nature but is consistent with the xenon being a remnant of a much 
larger reservoir that has been subject to distillation. Thus^ if xenon has mostly thermally 
evaporated, then there would be no traces of lighter gases from the earlier protoearth 
atmosphere. The present atnrosphere of the Earth would have been generated either from gases 
trapp^ in solid materials that accumulated onto the Earth after the major collision had taken 
place, or from materials that had not been outgassed from the interior before the collision. The 
persistence of the fractionation pattern in xenon suggests that the precollision component 
continues to dominate the abundance of that element. 

The comparison of Earth to Venus as far as atmospheric content is concerned Is subject to a 
compounding of possible errors of the order of factors of two or three, but nevertheless the 
differences are so great that a quantitative comparison is useful. In the Venus atmosphere the 
amount of 36,1^^ jj orders of magnitude greater than in the terrestrial atmosphere, but there is 
only one-third as much ^Ar (3,4). Since potassium appears not to be depleted in Venus surface 
rocks relative to the Earth, it appears that Venus is less outgassed than the Earth. The present 
36Ar is new argon, introduced since the collision. It follows that the present xenon, which is still 
mostly original fractionated xenon, is still more abundant than the fresh xenon by a factor of 
several. Most of the xenon, both new and old, must have been ingassed by the Earth in view of 
its small atmospheric content. It appears that the fractionation of the original xenon is just 
consistent with a gravitational escape fractionation process. 

If it is assumed that the terrestrial planets formed entirely by accumulation of planetesimals, 
then the time scale for the process Is of the order of 10® years (6). If, as I believe likely (7), 
the bulk of the terrestrial planets were formed as refractory precipitates in giant gaseous 
protoplanets which were then thermally evaporated, the subsequent accumulation of solids bearing 
volatile materials will still take roughly 10® years. It is clear that the giant collision discussed 
here must have taken place toward the end of this accumulation process, since so little gas was 
brought in afterwards. The time scale for the dissipation of the primitive solar nebula should not 
exceed about 10® years, so at the time under discussion the protoearth and the colliding object 
were isolated in space. Hence no additional gas can be added from the solar nebula. One 
possible origin for the colliding object is as a fragment of the unstable gaseous ring that led to 
the formation of the Earth giant gaseous protoplanet (8); smaller fragments are dynamically 
unstable against perturbation into eccentric orbits, and subsequently it is likely that a collision 
would occur with one of the terrestrial planets in a time of the order of 10® years. In principle, 
the colliding body could be a fragment of any of the unstable rings associated with the formation 
of protoplanets. However, the Moon will be formed almost entirely from material in the original 
protoearth, while the Earth will absorb most of the impacting material. Since the oxygen isotope 
ratios in the two bodies are the same, and since isotopic homogenization occurs rapidly around an 
orbit in the nebula, this Is a mild argument for origin of the fragment in the same unstable ring as 
the protoearth. 
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46 models of the SOLAR NEBULA; WHAT DETERMINED THE THERMAL STRUCTURE? 

p. M, CASSEN, NASA Atnes Research Center, Moffett Field, CA 94035 

The time scale for the accumulation of kilometer-sized bodies 
(protoplanetary-sized, in some tHeories) in the solar nebula has been estimated 
to be lo4 years or less. The time scale for the collapse of a protostellar 
cloud to form the protosun and its nebula is probably in the range of 10^- 
10® years. It therefore seems likely that the thermodynamic conditions under 
which volatiles become associated with the solid objects that eventually become 
the bodies of the solar system (planets, meteorites, comets, etc.) were those 
that prevailed during the formation of the nebula. The thermal structure 
during this stage was determined by the dissipative transport of mass and 
angular momentum. However, the processes by which this transport occurred 
would have been very different for a nebula with high angular momentum (as 
measured by an appropriate non-dimensional parameter) than for one with low 
angular momentum. In the former case, gravitational torques caused by 
shock-producing spiral density waves are expected; in the latter case, 
hydrodynamic turbulence may be the predominant mechanism of transport. The 
appropriate measure of angular momentum in this context is the inverse of the 
parameter P = v (GM/Cg)^ (M/J)*^* where M is the total mass of protosun 
and nebula, j is the total angular momentum, G is the gravitational constant, 

Cg is the sound speed in the cloud, and v is the turbulent viscosity in the 
nebula. Cassen and Moosman (1981) and Gassen and Summers (1982) have shown 
that for Pi^l, M^/M* = 0 (1) (where Mffnebala mass and M^-protosun 
mass), and for P>>1, M^/M* - 0 (P~^). 

Based on models of hydrodynamic collapse, and assumed values of J and v 
one can construct models of the formation and evolution of the solar nebula 
that yield surface density and photospheric temperature as functions of radius 
and time. Further assumptions regarding the vertical transport of energy in 
the direction parallel to the nebula's rotation axis enable one to calculate 
vertical thermal structures. Although the details of the results obtained 
depend on the specific assumptions adopted, some important general conclusions 
can be drawn which do not depend on the details. These are as follows; 

A11 nebula models predict temperatures high enough during the formation 
stage to vaporize silicate material within an AU (or appreciable fraction 
thereof) of the protosun. All models predict low temperatures (lOO'K or less) 
beyond 5-10 AU. 

The condensed material in the outer parts of a low mass nebula would be a 
mixture of mostly "processed" stuff - dust that has been vaporized or heated to 
a high temperature and subsequently cooled, and some unprocessed stuff that had 
never been heated. For a high mass nebula, there would be very little 
processed material in the outer parts. 

Low mass nebulas heat up during formation and cool down after accretion 
from the protostellar cloud stops. High mass nebulas cool during formation, at 
least until they become gravitationally unstable. After that, localized shock 
heating might occur. 

The net mass flux in a low mass nebula is generally outwards during 
formation, with a region of inward flux growing from the center after accretion 
stops. The net mass flux of a massive nebula is inwards during formation until 
gravitational instability occurs, after which the outer regions may experience 
irregular outward flux. 
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GAKBOir CYCXJD: HIOTCCHKMIOAL REDUCTION OE CO IN EARTH »S 

IRIMITIVB ATI'IOSPHERE, S. Chang, NASA Ames Research Center, Moffett Field, 

CA 94055, and A, Daa>Nnn, Tol-Aviv University, Haniat Aviv, Israel. 

Since the time of their earliest knovoi occ\irrenoe, biological systems 
have been an integral part of the geochemical cycle of carbon (and other 
biogenic elements ) involving, on the one hand, the transfer of carbon from 
atmosphere and hydrosphere into sediments and, on the other hand, the replen- 
ishment of the first two reservoirs as a result of the biirial of sediments 
and the expulsion of volatiles from Earth's interior. Implicit in the view 
that biological systems arose by natural selection from chemical systems is 
the existence of an analogous prebiological carbon cycle driven by the 
natxa’al fluxes of mass and energy at Earth's surface. Indeed, it may be 
liypothe sized that a prebiotic cycle was a prequisite for the origin of life, 
and that the courses of planetary evolution responsible for the absence of 
such a cycle now on Venus and Mars are also responsible for the conditions 
inimical to life on those planets. In this context the origin of life on 
Barth and the origin of the geochemical cycle for carbon were inextricably 
intertvdned. For these reasons, the development of models for the prebiotic 
carbon cycle v?ould appear to be essential to gaining cleeirer \mderstanding 
of the origin of life within the framework of geologic evolution. Among the 
data needed for development of such models are more qua.ititative assessments 
of geologically plausible pathways by which carbon in the prebiotic atmos- 
phere may have been transferred into surface reservoirs tlirough abiotic 
synthesis of organic matter. 

The absence of a geological record malces a firm assessment of the 
atmospheric composition during Earth’s first 0,8 billion years virtually 
impossibln. Suppositions for the atmosphere range from Hg-rich, containing 
Hg-CIL-lUi^-Ng-HgO-HgS, to H^-depleted, containing CO-COg-Ng-SOg. Although 
organic synthesis in hydrogen rich mixtures has been studied extensively, 
relatively little \joxk has been reported on the C0-C02-N2~H20 system. Since 
solar radiation is the most a'hundant energy source in the atmosphere, 
photolytic investigations of the latter mixture are essential for an assess- 
ment of the full range of possibilities for the synthesis of organic matter 
on the primitive Earth. The photochemical experiments summarized belov; 
foqtisod on the purely gas phase reactions of H2O, CO, CO2 and N2; they were 
intended both to elucidato production mechanisms and to simulate reactions 
that coiil.d have occtirred on the prebiotic Barth either above the cloud tops, 
at altiti;des of about 10 km, v^here the abundance of water vapor is still 
considerable, or in an atmosphere containing few clouds. 

Gas mixtures containing H2O and CO with various proportions of II2, CO2, 
and N2 were irradiated with 185 nm light or a simulated solar spectrum from 
vrtiich short wavelength uv was blocked by a filter cell containing Op, Tiie 
major products were H2 and CO2; alcohols, aldehydes, hydrocarbons, acetone 
and acetic acid v;ere also formed; but no nitrogen-containing organic com- 
poTjinds were detectable. The initial step in the reactions involved photo- 
dissociation of H2O molecules to yield hot Il-atoms and hydroxyl radicals; 
the foamier reduced CO and recombined to II2, while the latter oxidized GO to 
GO2 and generated additional H-atoms, Changes in gas composition with irrad- 
iation time suggest that the organic products arose from a series of consec- 
utive reactions in v/hich CO v/as converted first to aldehydes and alcohols, 
v/hich then were further hydrogenated to hydrocarbons. Tlae overall apparent 
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qviimtwn 5»^iOld foi? oonvex'aion ol' 00 to organiQ oopbon vteiod botwoon 0,23 oiid 

0. 03 ao a Miotion of 00 pax'tial ppoaaiwo botwooji 0.39 0.004 atm. tThoao 

1. *oaiata indioato that, oven .if tho pplmottliai atmoapbopo oontainod ot«;bon 
oal^'- in tbo form of 00 or a ndsctiiro of 00 and GOg, and no moXooular iiydros®d» 
a variety of organio qomponndb wouid have boon produced by phaao photo- 
ohomloal procoBDOo. 


Upper and lower bovmdsi can be orudo3y oatimatod for tho wavoro^'o** 
oonoentration of orgmiio oarbon in a Ij^i^othotioal ••gjlobal” oooaii roaultin^' 
from rain-out of ooinpoimda prodnood aololy by photolyBiB of It^O in tho 
proBonoc of OQ. ’fhose oalculationa arc made in tho context of existing 
models for formation of t)\o atmosphoro m\d roly on eatiimtoa of primordial 
\\v fluxes £uid torrostrial It and 0 invontorioe. ooxiplod with the apparent 
(jncuitum yields for aynthosio of organic oarboii. For tho oaoe in whioh the 
total carbon inventory was roloaeod as GO over 10^ years, in XQo years, the 
ooncentration of organic oarbon oovild hnvo boon as high as 0.02 M in a global 
oooaii ^0 ui deep. For tho caso in whioh 00 was released as a minor oonsti- 
tnont and tho inventory releaao tlmo was x 10^ yetirs, the concentration 
nonld liave boon 0.0004 M in 5 10^ yoars. 

Gas phase liliotoohomiLstry was oortjdnly onl5^ ono of tho many possible 
probiotio prodnotlon moohenisino for organic nompouiida. Other prooeasoe and 
roaotonin appear to have boon renniirod to prodnoo nitrogon-boaring organic 
compounds (o.,g., wnino aoido) .in atmooidioroo oc«ii*ainlng Hgj and entire 
olansns of hotorogoncous renotlons involving llc^uid-aolid, gas-solid, snd 
gas-liq\\.id intorfaces and other energy aonrees are virtnallj'' \uio>;plorod* 

,tt is unoartain whotlior tlio 4lios and aaionnts of organic compoimds disousood 
above vmro nocoosary or suffiolont for tho ohomiool ovolution of orgtinio 
matter to proooed beyond t‘he monomer stage to attain higher levels of 
molooular organisation. It is also wioloar what the fate of those compounds 
would have booia in tho wator oolnmn or how they ma^'* have boon inoorporabod 
in sodimontn and ot what satoo. Resolntion of bhose imoertainties awaits 
more dotallod a.*QQoastruoi‘iona of *ldio laiobiotio environmont, more thorong]i 
accountinA' of tho sonroos of simplo orfumic compoimds and tJie pathways for 
tbolr oonvoroion to more complex systems, and a better undorstonding of tVio 
iutemetiens botwoon organic and inorganic matter in that onvironmont. 


original page is 

dP POOR QUALITY 

ACCRETION OF VOLATILES. S. Chaiig , NASA Anes Research Center, 

Moffett Field, CA 94035, and J. F. Kerridge, University of California, Los 
Angeles, CA 90024 

It seenis likely that the terrestrial planets acquired their inventories 
of volatile elements as a late-accreting veneer of volatile-rich material [ 1 , 

2] . That hypothesis is reinforced by recent calculations which show that 
equilibration condensation could not have supplied the terrestrial planets 
with their initial endowments of C and N [3,4]. The hypothetical volatile- 
rich veneer is commonly identified with carbonaceous chondrite-like material 
[1,2]. Ages and elemental compositions of extant carbonaceous chondrites are 
broadly consistent with this view; we consider first the isotopic composition 
of C,H,N in such meteorites, as it bears upon this issue. Then, we consider 
the accretion of volatiles in the inner solar system within the context of 
nebular thsimal history. XS 

Reasonable estimates of &D and & '^N for the bulk earth may be 

made[2]; differences from these values, observed for some elements on Mars 
and Venus, are generally attributed to post-accretional fractionation [5,6]. 
Chondritic values may be found which are similar to terrestrial; for example, 
a mixture of CVS chondritic material with a small proportion of CM2 material 
has been suggested as a suitable veneer [ 2 ] . 

Recent analyses of carbonaceous chondrites have revealed considerable 
inter- and Intrameteorite variability in the isotopic composition of C,H,N 
[7,8,9] . For H and N this variability exceeds the fractionating capability 
of reasonable solar system processes. In addition, H and possibly N in 
meteorites and those terrestrial planets for which global estimates are 
available, are substantially ei'iriched in the heavier isotope with respect to 
estimated protosolar values [10,11]. It seems likely that both nucleogenetic 
and mass-dependent processes have contributed to the observed variability. 
Ion-molecule reactions in interstellar clouds may account for the postulated 
maSs-fractionation [10,12] . Apparently widespread survival of isotopic 
inhauogeneity in C,H,N has a number of Implications for planetary accretion 
of these elements. It should be noted that this Inhomogeneity could have 
been spatial, temporal or both. 

First, the initial population of volatile-rich objects may have exhibited 
even greater isotopic variability than that currently observed in meteorites. 

Second, different planets may have sampled different populations of 
volatile-rich objects. Assumptions of initially earth-like isotopic compo- 
sitions of C,H,N for Mars and Venus may not be justified. 

Third, temperatures in the inner solar system were apparently suffi- 
ciently low during the final stages of accretion to permit survival of C,H, 
^N-bearing species. It is tempting to identify some of these with organic 
molecules synthesized in interstellar clouds. 

Observations of interstellar clouds indicate that volatiles carried into 
the solar nebula would have included non-condensable gases; ices (^ 2 ®* NH 3 ) » 
organic compounds containing C,H,N,S,0; and carbonaceous grains. In accord- 
ance with the low temperature (M .0 K) associated with the isothermal stage 
of protostellar collapse models, virtually all volatile elanents, except 
II^ and He, should have entered the nebula in the form of interstellar grains 
and interstellar atoms (including noble gases) and molecules (including CO, 

N 2 » CH^) accreted as mantles on grains. Apparently, on the sub-micron to 
micron^scale of primitive dust and mantled dust grains, a variety of stellar 
and interstellar source regions could have been sampled, and heterogeneity in 
elemental, Isotopic and molecular composition would have resulted. The degree 





ACCEIETION OF VOLATILES ORIGINAL PAGE IS 

OF POOR QUALITY 51 

S. Chang and J. F, Ker ridge 

to which heterogeneity would have been preserved must have been related to 
the thermal histories of these grains. Their thermal histories can be 
characterized by three stages; pre-accretion (gas-dust), accretion (plan- 
eteslmal-parent body) and post-accretion (parent body); and volatiles could 
have been lost or gained (or both) at each of these stages. 

In the past, most discussions of volatiles in primitive bodies focused 
on the origin of their carriers in the pre-accretion stage as a result of 
hypothetical nebular condensation processes. We emphasize the view that 
differential vaporization of pre-solar volatile carriers at both the pre- 
accretion and accretion stages may be a more relevant consideration for the 
distribution of volatile elements in the inner solar system. Throughout the 
adiabatic stage of pro tos teller collapse, the nebular thermal gradient within 
5 AU would have caused evaporative and pyrolytic fractionation of the vola- 
tiles accreted into planeteslmals. Moderately refractory carbonaceous grains 
(including presolar carriers of noble gases) could have survived and accreted 
closer to the protosun than ices, and ices closer than clathrates. After the 
nebula began to cool it would have become possible to condense, accrete and 
preserve the more volatile and thermally labile substances in regions where 
this was prevented earlier by higher temperatures. Thus, ices, clathrates 
and organic compounds in grains or planetesimals probably infiltrated the 
inner solar system late in nebular evolution by transport of material accreted 
at greater radial distances, by late Infall of interstellar matter, or by 
accumulation of local material condensed and accreted from cooling residual 
gas (or combinations of these). We point out, however, that in carbonaceous 
meteorites the evidence for condensates formed by nebular gas-dust equili- 
bration below 400 K is weak, at best [13] . 

The evidence of pervasive aqueous alteration on carbonaceous chondrite 
parent bodies [13] is consistent with a temporal separation between the 
accretion of anhydrous phases and their subsequent alteration by volatile- 
rich fluids. It is not clear, however, whether these hydrous fluids origin- 
ated elsewhere within the parent bodies as a result of melting of solid 
phases (ices?) previously co-accreted with anhydrous phases or whether such 
fluids resulted from later addition of volatiles. In either case the 
accretion of parent bodies of aqueous ly-al ter ed carbonaceous chondrites 
appears to be inconsistent with models of either homogeneous accretion or 
simple heterogeneous accretion of equilibrium condensates. Although these 
considerations suggest that similar models for planetary accretion may be 
inadequate, they are consistent with the hypothesis that the terrestrial 
planets acquired volatile inventories at a late stage in their accretion. 
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MECHANISMS EUR TOE VERTICAL TOANSPORT OF HjO WITHIN TOE MARTIAN REGOLITH. S, M. Clifford, 
Department of Physics and Astronomy, Univ, of MassachiJsetts, Amherst, MA. 01003. 

Various lines of morphologic evidence suggest that substantial quantities of ground ice tmve existed 
in the equatorial regolith of Mars throughout its geologic history (1,2,3). However, recent calculations 
on the stability of ground ice in this region suggest tliat any ground ice, emplaced earlier than 3.5 bil- 
lion years ago, may have long since been lost by evaporation to tlie atmosphere (4), It has been proposed 
that one possible explanation for the continued existence of ground ice in the equatorial regolith is 
that it may be replenished by subsurface sources of H-O (5,6) . For example, recent e^imatea of the 
planetary inventory of on Mars have ranged from a globally averaged layer some 10*^ ~ lO"^ meters 
deep (7,8). Ihese estimftes have led several investigators to suggest that Mars may possess subperma- 
frost groundwater systems of regional and possibly even global extent (1,5, 6, 9). Ihe vertical transport 
of HpO, from such groundwater systems, appears to be a viable mechanism for the replenishment of equa- 
torial ground ice on Mars - even when the vertical distances separating the groundwater from tlie base of 
the ground Ice layer are measured in kilometers. 

In light of tlie photogeologic evidence for the widespread occurrence of volcanism on Mars (10), 
probably the most obvious mechanism for the vertical transport of 11,0 is hydrothermal convection. This 
process has already been proposed as the possible cause of dark surface stains which appear just west of 
Olympus MonS (11) and has been suggested as a possible explaination for the origin of the numerous small 
channels which are frequently observed to eminate from the outside rims of craters in the heavily cra- 
tered terrain of Mars (5,12,13). Unfortunately, while hydrothermal convection may have been an important 
process for the vertical transport of H,0 on Mars - its magnitude and areal extent are, at present, 
Impossible to quantify. 


Similar difficulties arise when attempting to address the Importance of shock-induced transport. 
Shock waves generated by earthquakes, impacts and explosive volcanic eruptions, can produce a transient 
compaction of water-bearing sediments which may force water up to the surface through regolitl) fractures 
and pores. During the great Alaskan earthquake of 1964, this process resulted in water and sediment 
ejection from the ground as far as 250 mil^ from the earthquake's epicenter (14) . ihe energy released 
by this earthquake was approximately axlO"^' J (15) - or roughly eqyivalent to that of a Sg Megaton 
nuclear explosion. While the historical frequency of earthquakes of tills magnitude on Mars may have been 
low, the martian cratering record provides abundant evidence that the planet has witnessed numerous 
events of a similar, and often much greater, magnitude. Indeed, the impacts tliat produced the larger 
basins such as Hellas and Argyre may alone have generated enough seismic energy to have replenished 
martian ground ice on a global scale. Even without these larger Impacts, however, the density of craters 
found over much of the martian surface suggests that shock-induced transport resulting from smaller 
impacts may have been sufficient to replenish near surface ground ice over much of the planet. 

Although far less dramatic and energetic than either of the two processes discussed above, perhaps 
the most important mechanism for the vertical transport of H,0 on Mars has been the process of thermal 
moisture movement (5) . It has been known for almost 70 years that li_0 transport, in excess of that 
predicted by Pick's law, will occur in a porous medium under the influxes of a temperature gradient - 
the direction of transfer being from warm to cold (16). The importance of this process on Mars is that 
tiie existence of a crustal geothermal gradient could provide the means necessary to thermally cycle H„0 
between a deeply buried reservior of groundwater and the base of a near-surface layer of ground ice. 
Philip and deVries (17) and Taylor and Cary (18, 19) have formulated two different but widely accepted 
models for calculating the magnitude of this type of thermally driven moisture transfer. Despite the 
differences in approach, it has been shown that the final form of the flux equations for both models are 
identical (19,20). After Cary (21), we can describe the thermally driven vapor flux by the equation; 
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where D^ is the binary diffusion coefficient of H_0 in CO_, P is tlie saturated vapor pressure 

of H,0 ^ a temperature T, H is latent heat of vaporif^ation, R"^is trie universal gas constant, and B is 
a dimensionless factor wtiose value (typically around 1.83 (20)) depends on regolith temperature, por- 
osity, and water content. Making use of this equation we find that for a martian geothermal gradient of 
45 K/km, the calculated flux„ of H,0 to the freezing front at the base of the ground ice layer is 
approximately 7 x 10~^ gny'em'^ per Martian year. At this rate, over the course of martian geologic 
history, the martian geothermal gradient could supply enough H_0 from a subpermafrost groundwater 
system to replenish a layer of ground ice nearly 1.7 km thick. Further, unlike the first two processes 
discussed in this abstract, this transport will occur on a continuous and global basis for as long as 
there exists a geothermal gradient and subsurface reservoir of H2O. 

Inspection of Equation 1 reveals that, for the higher temperatures expected at depth, the flux of 
H_0 leaving the groundwater surface greatly exceeds that which finally reaches the freezing front at 
tne base of the ground ice layer. This difference is due to the decrease in saturated vapor pressure 
which occurs with decreasing temperature. As shown by Jackson eb al. (22), once a closed system has been 
established (ie., the ground ice capacity of the near-surface regolith has been saturated under condi- 
tions where the ice exists in stable equilibrium with the atmosphere) a dynamic ballance of opposing 
fluxes is achieved. As water vapor rises from the warmer depths to the colder regolith above, it will 
condense - creating a circulation system of rising vapor and descending liquid condensate. In those 
instances Where bhe system is not closed (eg., where ground ice is not in equilibrium with the atnesphere 
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- such as hear the martian equator) it is pcssible £of ILO transport to occur trom the Ereezlng front 
at the base of the ground Ice to tliose areas undergoing depletion. Transport in this subfroezing region 
may occur via thin films of unfrozen water which are adsorbed on mineral surfaces (23,24). Ttiese films 
have been shown to exist down to very low temperatures - especially in the presence of potent freezing 
point depressors such as CaCl, (25), As before, tlrls transport through the frozen regolith of Mars may 
be thermally driven (23,24). 

A more detailed discussion of thes,>' processes and tlielr potential Importance to tite distribution of 
equatorial ground ice on Mars is in preparation. 
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COMPARISON OF He, Sr AND Pb ISOTOPIC VARIATIONS IN THE ICELANDIC 
'HOTSPOT', M. Condomines^ K. Gronvold^, P.J. Hooker^, R,K. O'Nions^ and 
E.R. Oxburgh^, ^Dept. Earth Sciences, University of Cambridge^ ^Nordic 
Volcanological Institute, Reykjavik, Iceland. 

Basalts erupted in the neovolcanic zones of Iceland and Reykjanes Ridge 
exhibit a broad correlation between Q^^y^/BGsr and 206pb/?.04pb ratios 
(1,2, 3, 4) indicating a coherence between Rb/Sr and U/Pb in the reservoirs that 
have contributed to the source of Icelandic magmas. These observations are 
commonly reconciled by models involving interactions between a depleted 
reservoir in the upper mantle and a relatively undepleted reservoir (generally 
the lower mantle). In the most simple models it would be anticipated that 
^He and other primordial rare gases should be principally stored in the less 
depleted reservoir and that ^He/'^He should exhibit a coherent relationship 
with s7s^/86sp foy' example in erupted volcanics. 

This possibility has been investigated in detail through the analysis of 
samples from the actively rifting neovolcanic zone of Iceland, Glassy 
samples appear to be the most appropriate for analysis of ^He/^^He and the 
present suite includes basaltic pillow margins and hyaloclastites and glassy 
intermediate_^and acid lavas. He concentrations in these rocks are typically 
ca 10'® cc g“ , some two orders of magnitude lower than most oceanic ridge 
gTasses, He has been separated by total fusion with a typical blank of < 

2 X lO'® cc STP; which results in negligible blank corrections in most cases. 

®He/^He ratios are variable along the active rift zones and 
R/Ra ^ 5 < 24 for basaltic rocks, and 

R/Ra K 1 for intermediate and acid rocks. ®?Sr/®®Sr ratios measured on the 
same samples show no clear correlation with ®He/‘*He, as might be expected 
from a simple 'hotspot' model. A crucial question however is whether the 
measured ratios in the erupted basalts are equal to the mantle values. 

There are two processes which may lead to their modification: isotope 

fractionation either during magma generation or in a shallow crustal reser- 
voir, or during post-eruptive cooling of the lava. The comparatively low 
He concentrations in Icelandic basalts may be ascribed -to the low pressure 
at magma eruption compared to ocean ridge basalts. As a consequence the 
trapped He is residual and may be isotopically fractionated relative to the 
He in the primitive parental magam. This may be the explanation for the 
difference between the ratios in gas samples (R/Ra = 8.5) and lavas (R/Ra =* 5) 
in the presently active Krafla region of N. Iceland. Contamination of 
magmatic He by crustal He (with lower ®He/‘*He ratio) may occur either during 
transfer of magma through the crust or its residence in a magma chamber. In 
this respect it is noteworthy that the highest ®He/'^He ratios are found in 
fissure basalts from the Reykjanes peninsula, and the lowest for central 
volcanoes in the centre of Iceland (Askja and Krafla) in parallel with the 
(S^®0 and (230Th/^®^Th) variations (5,6). The origin of low ®He/'*He = 1 in 
intermediate and acid rocks remains unclear. Post-eruptive equilibration with 
atmospheric He or formation of the magmas by melting or assimilation of 
hydro thermally altered crustal rocks with R/Ra = 1 remain possible explana- 
tions at this stage. 

Overall the results obtained from the classic Icelandic hotspot are not 
readily reconcilable with simple hotspot models. Hign-level processes 
operative within the crust leading to the modification of ®He/*'He ratios must 
be better understood before all observed variations of ®He/‘'He can be 
ascribed to variability existing within mantle reservoirs. 
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STABLE CARBON ISOTOPES IN MIDOCEANIC BASALTIC GLASSES 
David J. Des Marais, Ames Research CenCer, NASA, Moffett Field, CA 94035 
H, Sakai, Okayama University, Misasa, Tottori-ken, 682-02 Japan, and 
J. G, Moore, U. S. Geological Suirvey, Menlo Park, CA 94025 

Studies of the earth’s carbon cycle and its history require that we know the 
average stable isotopic composition of carbon in the crust and upper mantle. 
Early estimates (1,2) of this value (^l^CpDB ^ -6 to -7) were obtained by mass 
balance estimates of the sedimentary carbon reservoir. This approach, though 
very useful, suffers both from Inaccurate estimates of reduced sedimentary 
carbon inventories and from the possibility that the average carbon isotopic 
composition of the sedimentary reservoir has varied over geologic time, due to 
iso topically selective carbon losses to the lower crust. Igneous rocks offer 
another opportunity to measure the average crustal carbon isotopic composition, 
provided that any isotope effects associated with petrogenesis are understood. 
Mldoceanic basaltic glasses were selected for this work because they constitute 
our best opportunity to analyze rocks which are free of sedimentary 
contamination. Previous work (3,4,5) has suggested that igneous rocks contain 
carbon whose isotopic composition is substantially depleted in relative 

to the overall average composition reported for sediments. The present work 
indicates that, at least for midoceanic basaltic glasses, the carbon which is 
depleted in is not indigenous to the glasses. 

Each of six midoceanic basaltic glasses was combusted sequentially at three 
temperatures (Table 1) using the method employed previously for lunar rocks 
(6) . The lower combustion temperatures are intended to remove surf icial 
carbon contamination while causing minimal losses of the indigenous carbon* 

That minima,! indigenous carbon is lost is consistent with the very small 
losses at temperatures below 750°C of sulfur, which is presumed to be indige- 
nous. Carbon released below 750°C is depleted in and probably represents 
surf icial organic contamination. 

The pattern of carbon abundances measured when the glasses melt support other 
observations (7,8) that carbon content is proportional to the depth of 
eruption. Note that the Hawaiian basalt //71-AP3 was erupted subaerially and 
apparently lost essentially all of its indigenous carbon. The 
trace of carbon that remains is likely either contamination or else a residuum 
which is highly fractionated isotopically . The carbon released from these 
glasses which erupted beneath the ocean has a remarkably constant carbon 
isotopic composition C^^^Cp^g ranges from -5.8 to -6.4). Very recent ^^^Cpgg 
measurements of basaltic glasses from these localities (Des Marais and Moore, 
submitted to Earth and Planet . Scl. Lett. ) range from -4.7 to -8.8. Apparently 
some isotopic fractionation accompanies the loss of carbon gases from these 
magmas as they ascertd to the ocean floor. This notion is supported by the 
work of Javoy et al. (9), who observed experimentally that gaseous carbon 
dioxide in equilibrium with carbon dissolved in a 1200°C tholeiitic melt is 
enriched in 13c by about -4 to -4.6 permll. 

The range of carbon isotopic compositions observed in the glasses is the same 
as that observed for carbon which emanates from deep sea hydrothermal vents 
(LO) and which is trapped in vesicles in midoceanic basaltic glasses (5). 

This isotopic composition is also remarkably similar to estimates obtained for 
the total sedimentary carbon reservoir. If these new isotope values from the 
midoceanic basalts and hydrothermal vents indeed represent the isotopic 
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composition o£ juvenile carbon, then the average carbon isotopic composition 
of crustal sediments has been remarkably constant over geologic time. 

Table 1. Carbon and sulfur data from the basaltic glasses. 


Sample and 
Eruption Depth, m. 

Temperature, 

oc 

Carbon 

Abundance, MS/s 

^ ' PDB 

Sulfur 

Abundance, 

Cayman Trough 

450 

18 

-24.8^0.2 

2 

(18039’N,81°46'W) 

710 

20 

- 9.3±0.2 

1 

6000m 

1220 

164 

- 6.3±0.2 

990 

FAMOUS 

488 

34 

-24.8=t0.1 

2 

(-^360N,33°W) 

730 

17 

- 6,7±0.2 

2 

//519-4, 2690m 

1230 

136 

- 6.2±0.1 

810 

Galapagos Ridge 

450 

5.6 

-21.6^0.2 

0.1 

(0°50'N,86°W) 

750 

0.5 

-15.8±0.4 

0.5 

//717-3;->2500m 

1200 

68 

- 6.4*0. 2 

1310 

Galapagos Ridge 

450 

3.6 

-26.2*0.3 

2 

(as above), //714-1- 

-A 1200 

99 

- 5. 8*0.1 

1360 

Island of Hawaii 

460 

14 

-22.1*0.1 

0.5 

//71 AP3: Om (land) 

740 

4 

-20.9*0.1 

0.7 


1230 

1.9 

-23.7*0.3 

38 

Kllauea East Rift 

440 

19 

-24.4*0.3 

1 

(19O40’n,154°30'w) 

700 

3 

-20.2*0.2 

2 

//JM-1742; 1400m 

1220 

22 

- 6. 1*0. 3 

904 
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HIGH ELECTRICAL CONDUCTIVITY IN CARBON-BEARING ROCKS AND 
METEORITES; IMPLICATIONS FOR PLANETARY INTERIORS AND ASTEROIDS 

A. G. Duba, University of California, Lawrence Livermore National Laboratory, 

P.O, Box 808, Livermore, California 94550 
T. J, Shankland, Los Alamos National Laboratory, University of California, 

Los Alamos, NM 87545 

a 

The electrical conductivity of the carbonaceous chondrite Allende has been 
measured to 950“C under controlled oxygen fugacity. The conductivity measured at a 
given temperature is a strong function of heating rate, similar to results reported for 
oil shale (Duba, 1982). Unlike oil shale with similar carbon content, the electrical 
conductivity of Allende remains high during dehydration (around 10"^ S/m) an indication 
that there is initial free carbon present at grain boundaries in this meteorite, as 
suggested by Duba and Shankland (1982) in their discussion of the high conductivity at 
25°C observed by Breqher et al (1975) for carbonaceous chondrites. As the 
hydrocarbons which comprise Allende are pyrolyzed in flowing CO/CO 2 mixtures, the 
conductivity increases with time at constant temperature, again similar to behavior 
observed for oil shale. Such behavior is not observed for other rocks or for minerals at 
similar conditions. By 400°C, conductivity as high as 0.01 S/m is observed, depending 
on heating rate. The conductivity remains high and approaches 0.1 S/m until about 
900®C, where it begins to decrease as a function of both time and temperature, 
apparently the result of volatilization of carbon in the unconfined sample. 

Because graphite and amorphous carbon have conductivities of 10^ to 10® S/m 
while dry rocks and minerals have values from 10“^^ to 10“^, it is not surprising that a 
small amount of carbon has such a large effect. These observations for oil shale and 
Allende allow us to speculate on the implications for planetary interiors if carbon is 
present as a grain boundary phase. 

Examination of literature conductivity data for olivine and MgO indicates that 
small amounts of carbon at grain boundaries can strongly influence conductivity. Even 
at 1000°C where mantle minerals may have conductivities as high as lO"^’® S/m, 
calculations indicate that about 100 ppm of carbon contamination at grain boundaries 
would cause conductivities as high as 1 S/m. Such concentrations of carbon are 
consistent with carbon petrology in mantle rocks. An interconnected amorphous or 
graphitic carbon phase on grain boundaries could provide sufficiently high 
conductivities to explain high conductivity layers in the mantle at subsolidus 
temperatures. Presumably a zone of carbon-enhanced conductivity is a less sensitive 
temperature probe than a partial melt zone would be. 

If the early solar system experienced a T Tauri phase of the sun with high 
interplanetary electric and magnetic fields postulated by Sonett et al (1970), it is likely 
that a portion of the carbonaceous chondritic material present would have been 
subjected to considerable inductive heating because of its high electrical 
conductivity. With the reducing conditions implicit in the heating of a carbon-rich body 
in a vacuum, asteroid differentiation could have proceeded at a later time after 
condensation than that required by heating-^ due to short-lived radionuclides. 
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Irrespective of the detailed mechanisms Involved, many models of 

the loss of volatiles from the solid earth assume a dependence of the 

rate of transport of volatiles on the global heat flow. The present 

13 

rate of heat loss from the Earth is approximately 4.2 x 10 W [1], 

* 

While recent estimates of the Internal radiogenic heat production 
[e.g., 2, 3, 4] range between 1.4 and 2.5 x 10 W, and in general 
geochemical estimates account for around one half of the observed 
Surface heat loss. As these observations clearly do not represent a 
simple steady-state balance between heat production and heat loss, it 
is important to determine what is responsible for the discrepancy 
before we can make assertions about the heat flux out of the earth 
during its history as a solid planet. 

One possibility is that the geochemical estimates of the internal 
heat generation are incorrect by a factor of two. 

The alternative involves consii'erlng models for the thermal 
history of the earth. It appears that ':he least uncertain factors in 
this subject are the decay times of the principal contributors to the 
radiogenic heat production in the earth and, less certainly, their, 
relative abundances. These figures lead . vi the conclusion that the 
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earth's internal heat production was approximately twice the present 

9 

rate at the end of the Archaean (2.5 x 10 years ago) and was around 

9 

four times as great (4 x 10 years ago). For the purposes of this 
discussion, the problem lies in determining how the ratio between the 
earth's heat loss and its internal heat generation has changed with 
time* 

There are many published models for the thermal history of the 
earth [e.g., 5, 6 , 7, 8, 9] and they produce estimates for the ratio of 
surface heat flow to internal heat production that vary from around 
unity to more than two. In order to constrain models of the thermal 
history of the earth, it is desirable to have an estimate of the 
surface heat flux at some time during the past when the internal heat 
generation was significantly different from the present. As the oldest 
oceanic rocks are no more than 200 Myr old, such an estimate must come 
from continental material; this is unfortunate, as much of our 
knowledge of the present thermal state of the earth comes from 
observations in the oceans. However, it appears that we may at least 
draw inferences about the heat flow through the continents during the 
Archaean which bear directly on current thermal history calculations. 

Pressures estimated from mineral assemblages in Archaean high 
grude terrains [10, and data summarized by 11] may be used to estimate 
geothermal regimes in the Archaean continental crust in two ways. 
Fif‘st, they may be combined with temperature estimates to yield bounds 
on the geothermal gradient during the thickening event which produced 
the metaraorphism; this yields a maximum estimate for the geothermal 
gradient which is not significantly higher than analogous estimates 



CONSTRAINTS ON ARCHAEAN GEOTHERMAL REGIMES 

England P. and Bickle M. ORIGINAL PAGE IS 

OF POOR QUALITY 

from Phanerozoic terrains. Secondly, the pressures alone may be used to 
infer the height of Archaean mountains; these mountains appear to have 
had elevations comparable to present day mountain belts. It seems 
probable that the elevation of present day belts is limited by the 
creep strength of the lithosphere and, in view of the strong 

* n 

temperature dependence of creep in earth materials, thi^ , second 
observation also implies Archaean continental thermal regimes were 
similar to present day ones [12]. 

One way in which continental thermal regimes similar to today's 
could be reconciled with a significantly increased total internal heat 
generatioi', would be to permit a greater proportion of the total surface 
heat flux to be carried by the creation and subduction of oceanic 
plates [11, 13]. However, none of the published models of earth thermal 
history predicts any change in this proportionatlon. 

A second way of effecting this reconciliation is by assuming that 
the global surface heat flux in the Archaean was approximately the same 
as the present one; such an assumption would be supported by thermal 
history models in which the time that the convecting system takes to 
respond to changes in heat supply is comparable to the timescale for 
the decay of the principal radiogenic elements in the system. The 
presence of a double thermal boundary layer at the interface in a 
two-layered mantle would be one way to obtain such a timescale [9]. 

The occurrence of komatlltlc vulcanism in Archaean terrains 
implies that conditions existed within the Archaean mantle that were 
conducive to melting at appreciably higher temperatures than present 
day magmas require (around 1650°C as opposed to 1200—1400 C for present 
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magmas [14, 15]); this observation Is often taken to imply that mantle 

» 

temperatures in general were comparably higher* If the implication is 
correct, it is hard to see how the mantle could have been considerably 
hotter in the past withou!: there also being a considerably enhanced 
global surface heat flux. 

Thus the only geologlcrl evidence about Archaean geothermal 
regimes appears to be contradictory to the present models of earth 
thermal history. This contradiction may be resolved by a refinement in 
our understanding of the convective behaviour of the strongly 
temperature-dependent fluid that makes up the mantle, or perhaps by an 
improved understanding of the tectonic setting of komatiites. It may be 

that this resolution will require only minor emendment of the current 

/ 

models of earth thermal history, but until this is known it is as well 
to be cautious in our Inferences about global heat flux throughout 
geological time. 
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Oavelopmant of lce-poor/i1 llcate— rich "mantlaa" on comatary objecta has baen 
daacrlbed by several investlgatore and has been the subject of at least ona detailed quan- 
titative model (Brin & Mendia, 1979; Brin, 1980). Ice sublimation Is the creator, the 
”bo1 lerVdlsrupter , and the Isuncher of Ica-poor regollths. In our model, the major phy- 
sical processes which are quantitatively described are: 1) Modification of tha periodic 

orbital thermal "wave" that reaches i)ur1ed condensed volatiles, by the finite thermal con- 
ductivity of any overlying Ice-poor regoUth, S) Modification of the vapor outflux by the 
finite and changing vapor diffusivlty of the incipient regollth, 3} The effect of volatile 
flux and preferential launching of smaller grains on tha thickness and grain size distri- 
bution of tha regollth, 4) Continuous feedback of developing regollth propertlos Into the 
thermal end vapor transport described In "1." and "2." 5) The compound effacts of multi- 

ple passes. 

The modal Includes latent heat effacts, H 2 O and COg properties, obscuration by 
straaming dust, and possible transitions from one dominant volatile Loss mechanism to 
another (see below). In Its preliminary form, It does not currently Include scattering 
affects of Ice halos or global effects such as systematic launching of grains from one 
ragloii on a comat accompanied by their systematic accretion on another. Also, bej^ouse of 
tha complexity of the mantle development model, we have not yet coupled It with sophisti- 
cated Insolation histories for comets with appropriate rotation rates, orbits and obllqul- 
tlaa. Rather we have so far considered only two latitudes on comets with archtypical 
orbits and on obliquity of 90 degrees. Ma hope to consldor more Interesting and realistic 
orbits, obliquities and rotation rates. 

Oespita tha preliminary stags of the Investigation, our results suaoeet some general 
Inferences: An object In an "archtypical" short period cometary orbit can undergo at 

least three distinct phases of regollth development Including 1) A molecular dl ffuslon 
phase, when tha gQ8:8ll1cate ratio of the outflux Is high hut tha gas flux Is very low. 
This phase is most effective " 3-5 AU and a comet In neer circular at this heliocentric 
distance would probably first develop a water Ice and dust regollth poor In other vole- 
tiles and then, ultimately, a permanent si Ucate-rlch regollth. In this phase, the regul- 
Ith Inhibits vapor flux and thermal flux via its porosity and absorptive properties which, 
in turn, are determined by grain size distribution and prior history. 2) A phase (onset 
'3AU) In which the thermally controlled volatile flux can in turn control the regollth 
geometry by regoli th-di erupting processes, commencing when gas pressure exceeds lithos- 
tstlc pressure. The transition from molecular diffusion through a fixed regollth matrix 
to voletlle flux control of the matrix geometry might be analogous in some ways to the 
transition from still evaporative processes to boiling. During the molecular diffusion 
phase launching of even small grains by HgO sublimation alone (without participation of 
other Ices) Is extremely inoffectiye. However, during the disruption/boiling phase, H^o 
sublimation rates approach free sublimation of dusty HgO ice, and can generally launch'^a 
substantial dust flux, albeit still strongly weighted to finer , grains. 3) At i&mall 
hsllocentric distances (*1AU) launching of grains can become indiscriminate and at very 
small distances (~.3AU) even HgO sublimation can Isunch large boulders. However the 
dependence of Launch ability on heliocentric distance and |.ce composition is greatly 
moderated by latent heat effects. Table I gives a rough idea of these dependencies. How- 
ever It should be borne in mind that the values in this table are for idealized thermal 
histories - a fixed subsolar point or a fixed 60 degrees incidence angle - and may not bo 
generally applicable to comets. During the indiscriminate launch phase, ejectoe have the 
same HgO: rock flux as the comet mass, and severe erosion occurs in steady state and is 

not accompanied by any ice poor-regolith retention. 

An Ice poor regollth is "self-protecting" and mantle growth is "self-aggravating" 
because a mantle modulates the thermal shock experienced at the buried lea interface 
near perihelion. Even with thermal transfer In radiative, conductive and convective 
modes, a static mantle of sufficient thickness and fifteness can protect and enlarge itself 
because of its insuleting properties and further suppress the volatile flux diffusing 
Up through it for any given thermal history. Also, the thicker the existing regollth the 
leas vulnerable it is to physical disruption by an excess of vapor pressure over its 
Uthostatic pressure. Hence whether a particular comet undergoes tha above transitions 
depends on whether incipient regollth growth achieved since the last perihelion is suf- 
ficient to protect the mantle against the next perihelion. If it is, then the mantle will 
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Irraverslbly evolve to permanence. If not, the comet nIIL cycle reversibly through the 
preceding stages until it Is globally dissipated. It would appear that any virginal Icy 
rocky object placed In an orbit with perihelion <1AU would have little chance o^ develop- 
ing a permanent regoUth ( except for "global" effects mentioned above which are not con- 
sidered here]. Hence It would disappear afterr say, hundreds of pascas. On the other 
hend, eny postulated existing Initial mantle of “Acm or more could protect Itself even at 
a perihelion distance of “1 .7AU If only HgO Ice were present. A much greater initial 
thickness of Ice poor mantle would be required If the comet expected to survive a typical 
Apollo perihelion passage at 0.7AU without beginning to cycle. If an Ice-poor regoUth 
did survive Initial passage Intact^ it would stay in the molecular diffusion stage and 
would grow asymptotically with time to a thickness of perhaps several tens to hundreds of 
■otere - depending on exact vapor diffusivlty and heliocentric distances. Whether the 
"eonetary" core of such an object would be detectable by remote sensing techniques in, lieu 
of density measurements Is a fascinating question, and the water flux itself is probably 
the most telling clue to such an object. The greater the sensitivity of gas flux measure- 
ments, and the greater the range of heliocentric distences at which these cen be made on 
objects In eccentric orbits, the more chance of evaluating the actual nature of cometary 
regoUth evolution by observing phenomena such as the sharp hypothesized transition 
between Incrossing molecular diffusion and the boiling/disruption phase or predicted 
strong variations in the HgO; dust ratio. ' 

In general, the main difference between our model results and those of others Is 
that, where appropriate, we allow Knudsen flow (where mantle properties control the flux) 
and not continuum flow be the rate limiting mode of vapor transport. As a consequence, 
the Inhibiting effect of any Incipient regoUth which dsvelops toward aphelion is a very 
effective barrier to development of what would otherwise be a multi centimeter ice poor 
regoUth. 


Table I. Minimum* Requirements for Launching Silicates 
From a Comet With Albedo « 0 . 1 , Radius » 2 km 


Maximum 
Launchable 
(Radius , cm) 

Required 
HoO [CO2] 
Flw, 
g/cm^sec 

Required 
T for 
Flux, »K 

Required 

Insolation 

erg/cm'^sec 

Required 
AU if 
Subsolar 
Point 

Required 
AU 60“ 
Latitude 

1 X 10-^ 

(dust) 

1.2 X 

[2.3 X 

10-9 

10-9] 

151 

[97] 

2.6 X 
[4,5 X 

104 

103] 

6.9 

[16.8] 

4.9 

[11.91 

1 X 10-2 
(sand) 

1.1 X 
[2.2 X 

10-7 

10-7] 

170 

[113] 

4.6 X 
(9.4 X 

104 

103] 

5.2 

(11.51 

3.7 

[ 8,21 

1 X 10° 
(pebbles) 

1. 1 X 
[ 2.0 X 

10-5 

10-5] 

195 

[135] 

3.7 X 
[1.4 X 

105 

105] 

1.8 

[3.01 

1.3 

[ 2.21 

1 X 102 
(boulders) 

9.7 X 
[1.7 X 

10-^ 

10-3] 

229 

[168] 

2.8 X 
(1.1 X 

107 

107] 

0.21 

[0.341 

0.47 

[0.761 

1 X 1Q3 
(large 

* 9.3 X 
[1,7 X 

10-3 

10-2] 

250 

[191] 

2.6 X 
[1.0 X 

10 8 
106 ] 

0.07 

[0.111 

0.05 

[0.081 


boulders) 


* assume launch accomplished with diurnal maximum flux 

References: Brin, 6.D. and Mendls O.A., Duet Release and Mantle Development In 

Comets, The Astrophvsical Journal . 229, 4D2-408, 1979. Brin, 6.D., Three Models of Oust 
Layers on Comet Nuclei, The Astrophvsical Journal . 237, 265-279, 1980. 
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B. Fcgley, MIT, Cambridge, MA 02139. 

Chemical equilbrium calculations are widely used to discuss elemental fractionations among 
chondrites and planets. These calculations are now being applied to models of volatile element retention 
by the terrestrial planets. Recent work (1-4) suggests that equilbrium mechanisms can supply the 
planetary inventories of halogens, alkalis, and phosphorus. This same body of work also strongly suggests 
that, at least at high temperatures, equilbrium mechanisms cannot supply the planetary inventories of Q 
H, and N. These results, plus the earlier work of Anders and Owen (5) and Sill and Wilkening ( 6 ), 
indicate that accretion of meteoritic material and low temperature volatile-rich phases may supply the 
planetary inventories of C, H, N, and the noble gases. The present work attempts to quantify a 
condensation- accretion model for retention of these elements. This work deals with elemental 
abundances and does not address the question of isotopic fractionations. 

Figure 1 illustrates the composition of low temperature equilbrium condensate as a function of T, P, 
and distance for an adiabatic model of the solar nebula (1 -4). The calculations for this figure were done 
assuming incomplete conversion of <jO to CH 4 and N 2 to NH 3 (4). The condensation tempe/atures for 
pure phases are: H 20 (s) 160 K, NH 4 HC 03 (s) 155 K, CC» 2 (s) 71 K, Xe* 6 H 20 (s) 59 K, CO- 7 H 20 (s) 50 K, 
CH 4 - 7 H 20 (s) 48 K, N 2 ‘ 7 H 20 (s) 46 K, Kr- 6 H 20 (s) 42 K, Ar*- 6 H 20 (s) 38 K. If Nft^HCC^ls) does not 
form, then NH 4 C 02 NH 2 (s) condenses at 142 K. If C 02 (s) does not form, then C 02 *- 6 H 20 (s) condenses 
at 68 K. Unclathrated CO and N 2 condense in the vicinity of 20 K. 

Previous workers ( 6 ) pointed out that the clathrate which forms is actually a solid solution whose 
composition is temperature dependent. This effect has been considered in this work and the composition 
of the clathrate in Fig. 1 has been calculated as a function of temperature. In this case the initial 
clathrate is practically pure Xc» 6 H 20 (s). Once the temperature is below the condensation point of pure 
CO clathrate, however, the clathrate composition is dominated by CO and N 2 . Further decreases in 
temperature lead to a progressively N 2 ~rich clathrate. The amounts of different noble gases in the 
clathrate are also temperature dependent. Xe is quantitatively retained in the clathrate below 59 K. Kr 
is completely condensed below 50 K and Ar is completely retained below 40 K. 

Sill and Wilkening ( 6 ) also considered clathrate condensation in the solar nebula. Several important 
differences exist between this work and their results. They considered formation of CH 4 clathrate which 
is only a very minor component in this work. This is due to kinetic inhbition of the CO to CH 4 
conversion (4). Second, they did not consider clathrates of any other carbon and any nitrogen 
compounds. Third, they concluded that clathration discriminates against the lighter noble gases at 
progressively lower temperatures. The present work shows that as the temperature decreases the 
amounts of Kr and Ar included in the clathrate increase. 

Can accretion of low temperature equilbrium condensate supply the volatile inventories of the 
terrest*'ial planets? Table 1 displays H/C, H/N, and C/N ratios (gram/gram) for terrestrial surface 
reservoirs (atmosphere, crust, and oceans) from Barsukov et al (7), for three bulk earth models from 
Smith ( 8 ), for low temperature equilibrium condensate at 3 T points, for a special case called no 
clathrate, and for carbonaceous chondrites (5). 

Table 1 and Figure 1 illustrate several important points. First, accretion of low temperature 
equilibrium condensate cannot match the terrestrial H/Q H/N, and C/N ratios for surface reservoirs or 
for bulk earth models. Linear combinations of any mixture of low temperature equilbrium condensate 
fail to match all three ratios, although the surface H/C ratio can be matched. Slow diffusion of gaseous 
molecules into H 2 O ice may prevent clathrate formation. In this case (no clathrate) the condensate 
composition is frozen in at 70 K until ^ 20 K where CO and N 2 condense. (These low temperatures, 
were probably not reached in the solar nebula. In any case the match between terrestrial volatile ratios 
and low temperature equilibrium condensate then becomes worse). The no clathrate case is also unable 
to match the terrestrial volatile ratios. 

Anders and Owen (5) suggested that accretion cf small amounts of C3V-like material could supply 
terrestrial volatiles. However, the data in Table 1 show large differences between the terrestrial and 
meteoritic volatile ratios for all potential meteoritic volatile carriers. What about mixtures of low 
temperature equilibrium condensate and known meteorite classes? Again, linear Combinations of these 
materials cannot match the terrestrial volatile ratios. 
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The concept that accretion of low temperature condensate and meteorltk material provided the 
volatile inventories of the terrestrial planets Is very attractive. These preliminary results illustrate that 
the concept is difficult to quantify using known meteorite classes and condensate compositions from 
equilbrium calculations. Two approaches to this problem are now being pursued. First, using either the 
low temperature equilibrium condensate or different carbonaceous chondrites as one component, what are 
the compositions of additional components? Second, can tiie additional components be identified with 
materials such as comets, Brownlee particles, volatile-rich carriers in meteorites? Results illustrating 
compositions required to match the volatile inventories of the terrestrial planets will be given and 
discussed in terms of a condensation- accretion model. 

References: (1) Barshay, S.S. (1981) Ph.D. thesis, MIT; (2) Fegley, B. (1962) Proc. 13th LPSC, in 
press, (1981) Meteoritics 16, 314, Fegley, B. and Lewis, I.S. (1980) Icarus 41 , 439-455; (3) Lewis, J.S. 
et a| (1979) Icarus 37, 190-206; (4) Lewis, J.S. and Prinn, R.G. (1980) Astrophys. I. 238, 357-364; (5) 
Anders, E. and Owen, T. (1977) Science 198 , 453-465; (6) Sill, G.T. and Wilkening, L.L. (1978) Icarus 
33, 13-22; (7) Barsukov et al. (1980) Proc. 11th LPSC. 765-773; (8) Smith, J.V. Proc. .8th LPSC. 
333- 369. 
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HOMOGENEITY OF ARGON AND THE RATIO WITHIN THE SOLID 

EARTH, David E. Fisher, Rosenstiel School Of Marine And Atmospheric Science, 
University of Miami, Miami, FT 33149 

Argon fills a unique niche in the spectrum of volatile tracer elements, 
being: (1) a pure volatile, i.e., forming no solid comoounds; (2) composed 

of two isotopes which have always been gases and one (^^Ar) which has spent 
most of its terrestrial life as a solid-state element, so that the ratio 
40Ar/3oAr in the various terrestrial reservoirs will reflect the degassing 
history of those reservoirs; and (3) being heavy enough to have been quanti- 
tatively retained in the earth's atmosphere throughout geologic time. All 
three of these factors are shared by only one other element, xenon, fn which 
the radiogenic component is so small as to be difficult or impossible to 
measure in many samples of geologic interest. 

Ozima (1) first recognized that since today's atmospheric ^^Ar/'^^Ar 
value is fixed at 295.5, determination of the value of this ratio within the 
solid earth would define the degassing history of the earth. The fact that 
oceanic basalts quantitatively trap magmatic argon has been coupled with 
Ozima 's suggestion to suggest and investigate several models of earth de- 
gassing (2-6). But recent measurements both on basalts from various tectonic 
regimes and on ultramafic nodules which have been shown to trap interior- 
earth rare gases have raised the question of whether there exists in fact a 
unique ^^Ar/^°Ar ratio which can be described as characterizing the interior 
of the earth (7-14). Most tectonic earth models would predict a hetero- 
geneous argon isotopic distribution: an upper depleted mantle will ha^g 
lost nearly all ife primordial Ar, and therefore will be low in totaT Ar 
yet high in ^^Ar/^Ar due to 40K-decay into the^. depleted system; aUgUnde- 
pleted lower mantle will have more radi^enic ^^Ar but lower ^^Ar/'^°Ar due 
to retention of much of its primordial ^Ar. 

In order to investigate these possibilities one must first disentangle 
the components of measured Ar values. In this paper I address the question 
of how to identify pristine trapped deep-earth gases, and to what extent 
the measured data reflect such values rather than values modified by ex- 
change with atmospheric gases. ^ 

Oceanic basaltic glasses in general show high (^10') but not identical 
^^Ar/^°Ar values. I present new data here on many glass, interior rock,^ 
and altered rock samples to show clearly the effect of sea water alteration: 
lower ratios and higher total "^^Ar contents. Plots of ^^Ar/'^°Ar vs. 

(36Ar)"' for several samples from specific locations demonstrate that the 
glasses have quantitatively trapped and retained magmatic Ar. The vaflues 
obtained from all samples for which sufficient data are available are re- 
markably similar, considering that they embrace the Atlantic, Pacific, and 
(Caribbean; they show ^^Ar = 60-175 x 10"° cc/gm, ^^Ar/'^^Ar ^ 7500, and 
^Ar £1.5 X 10" ^ cc/gm. Lower values of the ratio and higher values of 
^°Ar are in all cases due to sea water alteration and/or atmospheric contam- 
ination. Data are also presented for an African non-tholeiitic basalt 
which^has trapoed magmatic argon.and retained it quantitatively: ^"Ar = 400 

X 10"^ cc/gm, ^^Ar/'^^Ar > 8000, '^°Ar <2 x 10" cc/gm. This indicates a 
somewhat less depleted magmatic source. 

Previous data in ultramafic nodules from Africa and Hawaii have shown 
40Ar/3°Ar similar to the atmospheric ratio, and models of mantle degassing 
and earth accumulation have been built on the postulate that these ratios 
represent the deep, undepleted mantle (5, 15). I present here data on two 
Hawaiian nodules that show clearly the presence of atmospheric (non-mantle) 
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Af; when this is accounted for the Ar isotopic ratios and absolute values are 
similar but not identical to the basaltic data quoted above. 

In summary, for all samples in which it has been possible to clearly 
identify the trapped magmafic component there is a measureable difference 
in total Ar content and isotopic ratio in the samples from different tectonic 
regimes, but the difference is surprisingly small. Near-atmospheric ratios 
seem to disappear when atmospheric contamination is properly monitored, 
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ESCAPE OF NITROGEN FROM THE MARTIAN ATMOSPHERE, J.L. Fox, Center 
for Astrophysics, Cainbridge, Ma,ss. 02138 

The notion that substantial quantities of nitrogen have escaped from 
Mars was introduced by Brinkman^ who considered the role of photodissociation 
in producing nitrogen atoms with energies exceeding the escape energy*, about 
1*72 eV for ^^N. Support for this idea was provided by the Viking mass spec- 
trometers, which recorded an anomalous ^%/l^N ratio, 1.62 ,16 times the 

terrestrial value^. Subsequent models have considered other method^ for pro- 
ducing energetic nitrogen including dissociative recombination of N2 ^ pho- 
toelectron impact dissociation^'^ and chemical reactions®. The computed 
rates for dissociative recombination of N^ and of the reaction, N^ + 0 •> 

NO"^ + N, depend on model N2 densities which were not measured by Viking. We 
have refined our model to include better estimates of the N^ densities from 
models which reflect the improved understanding of ion chemistry in CO2 
atmospheres obtained frcwn Pioneer Venus In particular, the reaction 
©■^(^D) + N2 0 + N2 has been measured recently^ and we have found it to 
be a major source of N^ above the exobase on Mars. 

Dissociative recombination produces an escape flux of 3x10® cm“^ s"^ and 
is the major source of escaping ^^N atoms. The escape rates for ^®N and ^^N 
in dissociativi5 recombination differ substantially for ground state N2 
This effect will be mitigated for ions in excited vibrational levels. We 
have modeled the vibrational distribution of Nj at the Martian exobase in 
order to determine the fractionation due to dissociative recombina" 

tion. At 200 km, 40% of the N^ ions are found to be vibrationally excited 

Photodissociation of N2 contributes an escape flux of about 1x10® cm 
Other processes bring the total escape flux to about 5.6x10® cm“^ s"^. 

Panale et al.^2 have constructed a model of the regolith-atmosphere- 
polar cap system in which oscillations in the obliquity of the planet, and 
therefore in the insolation produce periodic changes in the CO2 pressure of 
the atmosphere. Pressure variations will affect the escape flux of nitrogen 
since the pressur.i determines the altitude of the exobase and the fraction of 
N2 found there. We have incorporated these effects into our model and have 
found that the net escape rate is reduced compared to the average pressure 
model. For the basalt regolith, we obtain an initial ^®N/^^N ratio of 2.74 
and an initial column density of 9.7x10^2 cm”2. For the nontronite regolith, 
the isotope ratio is 1.54 and the initial reservoir is 4.0x1Q22 cm“2. Our 
model shows that a regolith material with adsorptive properties intenriediate 
between basalt and nontronite will yield an appropriate ^®N/^^N ratio and 
total C/N ratio. 
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A REVIEW OF DISTRIBUTIONS OF SULFUR IN SOLAR SYSTEM OBJECTS 
Everett K. Gibson, SN7, Geochemistry Branch, NASA-JSC, Houston, TX 77058 

This contribution will review the abundances and distributions of sulfur 
as a volatile phase in planetary materials. Exploration of the solar system 
during the last decade has shown the element sulfur to be ubiquitous. It 
plays a very active role in the chejnical processes operating beneath the sur- 
face, on the surface and in the atmosphere, and is essential to all life forms 
that we know. The geochemical versatility of sulfur may be attributed to its 
ability to exhibit a variety of valence states (- 2 , 0 , + 2 , + 4 , + 6 ) and to 
combine with both metals and non-metals via either covalent or ionic bonds. At 
the present time, sulfur abundances have been measured in situ on five plane- 
tary materials: earth, moon, meteorites. Mars and Venus. IR emote measurements 
of sulfur abundances have been obtained for Jupiter, lo, the rings of Saturn, 
the sun, and at least one comet* Sulfur compounds have been observed in the 
interstellar dust clouds. 

A summary of sulfur abundances for the five types of planetary objects 
sampled is shown in Fig, 1. As a group, meteorites contain the greatest 
sulfur abundances. Chondritic meteorites have sulfur contents up to 6 % for Cl 
carbonaceous chondrites^ Within this class of meteorites sulfur is present in 
the reduced sulfide form, elemental sulfur, and oxidized sulfate. Distribu- 
tions of these components reflect the past history of the primitive objects. 
Within the H, L, and LL chondrites the total sulfur abundances is very con- 
stant (2. 2+^0. 8 %). Enstatite chondrites contain abundances approaching those 
of Cl chondrites but all of the sulfur is present as sulfide. Achondrites 
typically have sulfur abundances ranging from 200 to 11,400 >ugS/g (1). 

Eucrites typically range from 1000 to IBOO^igS/g whereas howardites have some- 
what higher concentrations (1, 2, 3), It has been noted that sulfur abun- 
dances of shergottites are similar to terrestrial dolerites ( 2 ). 

Average sulfur content of the earth crust has been given as 260 AigS/g (4). 
Despite the apparent low sulfur abundance for the earth's crust, sulfur has 
played a major role in the earth's history, The core of the earth is believed 
to be mostly iron with minor amounts of alloyed’ nickel with upwards of 10 to 
20% sulfur, and Brett (§) ftas suggested that sulfur played an active role 
during core formation, the extraction of sulfur from the earth's crust and 
mantle during core formation has left the crust with abundances which are low 
when compared |o other values shown fn Fig. 1. Sulfur species observed in 
volcanic gases and emanations are HgS, 52, SO 2 , and SO 3 , with SO 2 dominating 
at magmatic temperatures (>1200®C) and with H 2 S the major component at lower 
temperatures. Sulfur has recently been observed to be the major component 
outgassing from the active hydrothermal submarine vents. Presence of H 2 S and 
C02 in the water surrounding the vents, along with sulfur-oxidizing bacteria, 
shows that sulfur plays an important role In the ecosystems and life related 
prociSSes of primitive organisms. Basalts from the terrestrial ocean floors 
(MORB) range between 60 and 800 jugS/g ( 6 ), whereas subaerial ly extruded 
basalts contain 50 to 2000xigS/g. It has been shown that sulfur contents 
decrease with degassing. Naldrett et al^ (7) noted that Archean basalts had a 
Wi4§ range of sulfur abundances (0 to 8000 i^gS/g) but an average of 1000 >ugS/g 

observed for most samples, fflgh sulfur content of Archean basalts relative 
to recent basalts (mean of 200-4C^ jugS/g ) suggest retention of sulfur as a 
reSiilt of the rapid accumulation of Archean volcanic rocks and their limited 
Inttractton with seawater. 

Lunar basalts were found ( 8 ^ to range from approximately 400 AigS/g for the 
Apollo 12 and 15 kasalts to 2600.ugS/g for the Apollo 11 and 17 basalts. High 
sulfur Cdntents art correlated with the high FeO and Ti contents of the basalts. 
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Apollo 11 and 17 mare basalts saturated with respect to sulfur, whereas 
those from Apollo 12 i?nd 15 were undersaturated (8), Lunar anorthosites typi- 
cally contain less thaii eo^igS/g. The low sulfur contents of the crus-tal 
materials is probably a consequence of the fact that plagiclase cannot dis- 
solve sulfur. The high sulfur contents of lunar basalts implies that the lunar 
mantle is enriched in sulfur. Sulfur abundances of lunar soils can be ac- 
counted for by mixing of various components present in the regolith. 

The surface of Mars has been analyzed in two sites by the Viking landers. 
Data returned from the XRF instruments showed a regolith enriched in sulfur 
(2.0 to 3.5% S) (9). Samples of the upper crust (duricrust) were found to con- 
tain the greatest sulfur concentrations. Since the sampling sites appear to be 
areas where evaporation or sublimation processes have operated, the analysis 
may represent analysis of salts deposited within the regolith and are not 
representative of the planet as a whole. Similar sulfur enrichments have been 
noted from cold desert regions on earth (10). 

Clark (11) has examined the Venera 13 and 14 XRF data of Surkov et al.(12) 
and found that the V-14 site contained about 0.1 to 0.5% sulfur. Data from 
Venera 13 could not be deconvoluted in a satisfactory manner. Data for the 
basalt-like sample at V-14 is similar in sulfur abundances to those found for 
lunar basalts, achondrites and terrestrial basalts. The atmosphere of Venus 
has been shown to contain sulfur species— especially sulfuric acid— within 
selected cloud regions. Formation of sulfuric acid appears to be the result of 
a series of photochemical reactions culminating in the formation of SO2 and SO3. 

It can be seen from the data given in Fig. 1 that sulfur's abundances 
range from a major element in selected meteorites to a trace element in some 
basalts. Distribution of sulfur reflects the oxidation- reduct ion conditions 
and processes which operate on the particular solar system object. Sulfur is 
indeed an important planetary volatile whose abundances and distributions 
reflect major solar system processes and format! onal conditions. 

References: 1. Moore C.B. (1981) per. comm.; 2. Gibson E.K. (1982) unpublished 
data; 3. Moore C.B. (1971) Handbook of Elemental Abundances in Meteorites (B. 
Mason, ed.); 4. Fairbridge R.W. (1972) Encyclopedia of Geochemistry andTovi- 
ronmental Sciences ; 5. Brett P.R. (1973) Geochim. Cosmo. Acta" 37 , 165-170; 

6. Moore J.G. and Fabbi B.P. (1971) Contrib. Min. Petrol. 33 , 118-127; 

7. Naldrett A.J. et al. (1978) Can. J. Earth Sci . 15, 715-728; 8. Gibson E.K. 
et al. (1977) Proc. Lunar Sci. Conf. 8th , 1417-1428; 9. Clark B. et al . (1982) 
J. Geophys. Res, (in press); 10. Gibson E.K. et al . (1982) J. Geophys. Res. 

(in press); 11. Clark B. (1982) per. comm.; 12. Surkov Y.A. et al. (1982) 

Anal . Chem. 54, 957A-966A. 


Figure 1. Sulfur 
abundances for five 
types of solar system 
objects which have 
had sulfur measurements 
carried out in situ. 
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SPUTTERING OF VOLATILE RESERVOIRS 

P. K. Haff, W.K. Kellogg Radiation Laboratory, Caltech, Pasadena, 

California 91125. 

The term ••sputtering” refers to the ejection from a ••target •• of atoms or 
molecules following the impact of an energetic atom or ion. Values of the 
sputtering yield can range from much less than unity to upwards of 1000. At 
low energies, below a few keV/amu, billiard ball-like collisions lead to 
ejection of surface molecules. At higher energies, energy deposited in 
electron excitation along the path of the incident particle is ultimately 
converted to kinetic energy of atomic motion, again with the subsequent 
ejection of target particles. High energy sputtering yields are often orders 
of magnitude greater than low energy yields. By combining theoretical models 
with laboratory experiments, we can gain some idea of the role which 
sputtering plays in the transport of volatile materials on planetary bodies. 

There are two principal sources of energetic ions occuring naturally in 
the solar system; the solar wind and planetary magnetospheres. The solar wind 
may interact directly with planets and satellites not protected by a magnetic 
field, such as Venus, Mars, and the Moon. Planetary magnetospheres contain 
energetic particles which can impinge upon satellites and upon the planet 
itself. Thus, the Galilean satellites, the icy satellites of Saturn, and the 
Earth itself are all subjected to magnetospheric particle impact. Sputtering 
of airless bodies can lead to loss of matter to space, to redistribution of 
matter across a planetary body, and to generation of a thin sputter induced 
coronal atmosphere. Sputtering of a body already having an atmosphere can lead 
to depletion of this atmosphere, and to preferential loss of the lighter 
constituent molecules. 

Examples of volatile transport mediated by sputtering are 

(1) Direct solar wind impact into the upper atmospheres of Venus and Mars 
is retarded by shock-wave formation, but to the extent that the impinging 
particles can interact directly, otherwise gravitationally bound gases can be 
lost to space. Thus, on Venus is lost by collision with solar protons at a 
rate which may be as large as 10^cm-.2 s-1. This is about 10% of the assumed He 
outgassing rate. 

(2) Likewise, to the extent that solar particles impinge the Martian 
atmosphere, CO^ may be lost. While photochemical loss mechnisms predominate 
for 0, sputtering is an efficient way in which C and N can be removed from 
Mars. Sputtering of the Martian atmosphere over geological times is calculated 
to have been capable of removing nearly 97% of the mass of the initial Martian 
N component and about 33% of the initial C0-. Thus, N is removed 
preferentially with respect to COp, and lighter isotopes of C, N, and 0 are 
removed preferentially with respect to their heavier isotopes. Thus the 
present N poor atmosphere and the observed fractionation of the C and N 
isotopes can be attributed at least partly to sputtering. 

(3)The atmosphere of the Earth Itself is subjected to sputtering by 
precipitated magnetospheric particle fluxes. Using a hard-sphere model of low 
energy 0-0 collisions, Torr et al. Cl 9743 calculated that earth satellite data 
on 0 precipitation meant that 0 escape fluxes as large as ~10' cm-2 s-1 could 
be attained locally. Averaging over the area of the earth and over time 
implies an escape flux of 3X10' cm-2 s-1. This is comparable to the escape flux 
of H. Unpublished calculations by Haff which account for the 0-0 interaction 
in a more realistic way suggest that the loss of 0 by atmospheric sputtering 
is perhaps only 10^ cm-2 s-1. This smaller result is only about 1% of the H 
escape flux, but nevertheless represents an interesting and possibly important 
escape route for 0 atoms. 
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(M)Arnold [1979] and Lanzerotti et al [1981] have considered the question 
of whether solar wind impact could erode patches of ice on the Moon which 
might otherwise build up in permanently shadowed coldtraps in the lunar polar 
regions. The enhanced sputtering yields associated with energetic ion impact 
on HpO ice [Brown et al, 1978; Cooper, 1982] have led to the conclusion 
[Lanzerotti et al, 1981] that ion erosion could be an effective mechanism for 
limiting the occurence of such ice pockets. 

(5) In the Jovian system, possible SOg frost on lo, an lo SOg atmosphere, 
and the frozen HgO surfaces of Europa, Ganymede and Callisto are all 
candidates for magnetospheric sputter erosion. As originally pointed out by 
Matson et al [1974], charged particle sputtering offers one mechanism which is 
energetic enough to inject heavy atoms like S, 0, Na, and K into the Jovian 
magnetosphere. Haff et al [19811 calculated that sputtering of an unprotected 
Ionian surface by corotating S ions might be able to sustain the observed Na 
and K clouds, but would be unable to provide a sufficiently high escape flux 
to maintain the S torus. Sputtering of an SOg atmosphere would be able to 
supply the S torus only if the atmosphere were not enough that the exobase lay 
at an altitude of “2 R- . 

(6) Sieveka and Jenson [1982] have studied the global transport of HgO 
molecules on the icy Galilean satellites due to both low energy and high 
energy sputtering. Depending on the local surface temperature, sputtering can 
::ompete with sublimation as the most effective mechanism for volatile 
i/ransport. Thus, especially in the polar regions, sputtering is the primary 
determinant of water mobility. 

(7) Lanzerotti et al [1978] suggested that sputtering could lead to the 
formation of a thin atmosphere on otherwise airless satellites. Watson [1981] 
developed this idea in some detailg predicting an exospheric corona with a 
column density on the order of 5X10 cm-2 on Europa. 

(8) In the Saturnian system, sputtering plays a similar role. Morfill et 
al [1982], Cheng et al [1982], and Haff et al [1982] have discussed the role 
of ice sputtering near Saturn. They find that sputtering is unable to account 
for the H ring atmosphere, but that the lifetime of E-ring ice motes (~135y) 
is influenced strongly by low energy sputtering by co-rotating 0 ions. 
Atmospheric coronae are ill-developed, because the icy satellites are small 
compared to the Galilean satellites, but sputtering is a prime candidate for 
the source of heavy ions, presumably 0, which have been detected inward from 
Tethys . 

REFERENCES: Arnold, J. Geophys. Res. 84 ,5659, 1979; Brown et al, PRL 40, 
1027, 1978; Cheng et al, JGR 87, 4567, 1982 Cooper, PhD Thesis, Caltech, 1982; 
Haff et al, sub. to Icarus, 1982; Haff et al, J. Geophys. Res. 86, 6933, 1981; 
Lanzerotti et al, Geophys, Res., Letters 5, 155, 1978; Lanzerotti et al, J. 
Geophys. Res, 86, 3949, 1981; Matson et al, Ap.,J. 192, L43, 1974; Morfill et 
al, J. Geophys. Res., in press, 1982; Sieveka and Johnson, Icarus, in press, 
1982; Torr et al, J. Geophys. Res. 79 ,5267 ,1974; Watson et al, Proc. Lun. 
Plan. Sci. Conf. 11, 2479,1980; Watson, Proc. Lun. Planet. Sci Conf. 12, 1569, 
1981. 
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METAL-SILICATE REDOX REACTIONS; IMPLICATIONS FOR CORE-MANTLE 
EQUILIBRIUM AND THE OXIDATION STATE OF THE UPPER MANTLE. R.D. Holmes and 
R.J. Aroulus, Research School of Earth Sciences, Australian National 
University, P.O. Box 4, Canberra, A.C.T. 2600, Australia. 

It is generally accepted that the core was formed early in the history 
of the Earth by the separation of a denser, Fe-rich metallic phase from a 
lighter silicate residue. However, the details of this process are still 
widely disputed, including such fundamental parameters^ as the composition 
of the metallic phase, its original distribution within the proto-Earth, and 
its possible equilibrium or disequilibrium with the primitive mantle. 

Recent measurements^*^ of the intrinsic oxygen fugacity mantle- 

derived peridotite nodules have suggested that the current recfbx state for 
the bulk of the upper mantle is close to or slightly below that defined by 
the iron-wustite (IW) buffer. One such investigation** concluded that these 
oxidation states were only about two log10 f 02 units more oxidized than that 
required for saturation with an Fe-Ni metal, and suggested that redox 
conditions during core separation would be controlled by the Fe-analogue of 
the Metal-Olivine-Orthopyroxene ("MOO”) oxygen buffer; 2M + Op M-Sip^Og = 
EMgSiOj^. Although iron is the most abundant aliovalent element in oo^ the 
core and mantle systems, similar MOO-type reactions can be written for other 
transition metals and, if the present oxidation state of the mantle was 
established by raetal(s.l.)-silicate equilibrium, thermodynamic analysis of 
the MOO reactions for different transition elements (e.g. Fe, Ni "and Co) 
combined with the concentrations of these elements in peridotite samples 
should yield a single concordant estimate of fOg. 

Using oxygen-specific zirconia solid electrolyte cells, we have obtained 
new data on the standard free energies of the Fe, Ni and Co Quartz-Metal- 
Olivine C’QMO") buffers; Si0 + 2M + 0 s M_SiO^. These results are 
summarized in Fig. 1 for a total pressure'^ of n bar. Increasing the total 

pressure to 30 kbar raises the equilibrium fOg of each buffer by about 1 log 

unit, but does not significantly affect their relative positions. Therefore, 
in order to facilitate comparisons with intrinsic fOg measurements carried 
out at ambient pressure, the calculations reported below have been made for 
a total pressure of 1 bar. Using estimates of SiOg activity derived from the 
Quartz-Olivine-Orthopyroxene C’QOO”) reactions (SiOg + MgSiOj^ = MgSigOg) for 
Mg and Fe®»®, the QMO data can be used to calculate equiliorium TOg’s 

exactly equivalent to those implied by the corresponding MOO reactions 

(MOO s QMO-QOO). 

In order to evaluate the conditions under which mantle-derived 
peridotites might have been in equilibrium with a core-forming metallic 
phase, these thermodynamic data have been applied to the analysis of two 
spinel Iherzolites (#*s 270 & 271) previously used for intrinsic oxygen 
fugacity measurements in our laboratory^. Fig. 2 shows the results of QMO 
equilibrium calcuations made assuming the composition of the metallic phase 
to be Similar to that found in iron meteorites (i.e. X(Fe)=0.9, X(Ni)=0.1, 
and X(Co)s0.005) . The large Intras ample discordancies loglO fOg units) 
between the different QMO buffers provide strong evidence that these 
peridotites have never been equilibrated with an Fe-rich metallic phase. 
Even large changes in pressure and temperature have no significant effect on 
this conclusion. Equilibrium with an Fe-rich metal could only be obtained by 
reducing the concentrations of Ni and Co in the silicates by factors of 
about 90 and 15, respectively. If the mineralogy of the silicate residue 
includes olivine and orthopyroxene, there is no geochemically plausible set 
of P-T-X conditions (including simple dilution of the metal with 0 or S) 
under which equilibration with an Fe-rich metallic phase can produce the 
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relative abundances of Fe, Ni and Co observed in these spinel Iherzolites, 

This implies that either: (1) core separation was a disequilibrium process, 
or (2) the chemical equilibria involved phases other than just the silicates I 

and metal considered here (e.g. sulfides^), or (3) if core separation'* was an | 

equilibrium event, the silicate phases involved in this process were of a | 

fundamentally different nature to those of the present-day upper mantle | 

(i.e. the perovskite-structured minerals of the deep mantle). Fig. 3 | 

generalizes the QMO calculations to show the oxygen fugacties required for | 

these peridotites to be in equilibrium with a metallic phase consisting of | 

either pure Fe, pure Ni or pure Co. These values represent the most reducing | 

conditions under which these silicate phases could retain their present s 

abundances of Fe, Ni and Co. They show that the present relative abundances J 

of Fe, Ni and Co in these silicates can coexist with a metallic phase, but f 

only if the metal is dominated by Ni (i.e. Ni:Fe;Co of about 4:1:1/20) and 
only at an f02 approximately equal to IW. The observation that these . 

peridotites do not presently contain a metallic phase of any composition 
requires their redox state to be more oxidized than the Ni-QMO "baseline” 

(Fig, 3) and provides a strong constraint on the lower boundary for 
estimates of mantle f0_ (i.e, somewhat higher than IW) . Assessed by this 
criterion, the intrinsic fOp for peridotifce #271 reported by (2) is 
anomalously reduced, suggesting either that the measurement is inaccurate or 
that the redox state of the spinel separate is somehow unrepresentative of 
the coexisting silicate phases. It is noteworthy that the inter sample 
differences for the QMO buffers are quite small (<0.3 log units). This 
suggests that the redox state of the upper mantle, as represented by 
abundant spinel Iherzolite nodules, is relatively uniform on a worldwide 
basis. 

Similar metal-silicate equilibrium calculations have been carried out 
for the pallasitic meteorites (Fig. 4). The excellent agreement between the 
independently determined Fe- and Ni-QMO buffers is in striking contrast to 
the discordant results obtained for the mantle-derived peridotites (Fig. 2) 
and reflects the much lower concentrations of Ni and Co in pallasitic | 

olivine (i.e. 50 & 7 Ppm, respectively, vs. 3000 & 200 ppm)®. In contrast to 
the mantle-derived peridotites, this suggests that metal-silicate | 

equilibrium controls the redox state of the pallasites. This 
thermodynamically-inferred conclusion of metal-silicate equilibrium is in • I 

good agreement with the slow cooling rates estimated for the pallasitic | 

metal ('^^IK/m.y.) and with the observed lack of compositional zoning in 
pallasitic olivine®. The discrepancy between the calculated fOg of the 
Co-QMO and that of the Fe- and Ni-QMO 's is probably due to the assumption of | 

ideal mixing for the Co-olivine. By assuming that the pallasites represent a 
natural equilibrium assemblage, we may estimate thaty(COpSi0^)si2. I 

Orthopyroxene does not generally coexist witn olivine In the ? 

pallasites*® and, for this reason, the QMO buffer lines shown in Fig. 4 were | 

calculated with the assumption that log a(Si 02)=0 (i.e. a(Si 02 )= 1 ), Hence 1 

the QMO buffer lines shown in Fig. 4 represent the minimum fOg -VSiIues ■ 

prevailing in the pallasites. It has been suggested by (11) that the minimum ' 

f 02 of the pallasites is constrained by the stability of the phosphate- 
phosphide-metal assemblage and that their maximum f02 must lie below the IW 
buffer. By combining the calculated metal-silicate equilibria with this 
independent estimate of pallasite f02, the QMO calculation can then be 
inverted to obtain an estimate of log a(Si02)= -1.0 to -1.5 in the 
pallasitic mineral assemblage (cf. Fig. 2.3 of T12)). The conclusion that 
the pallasites are significantly silica-undersaturated is supported by the 
observation that pyroxenes are absent from the equilibrated metal-silicate 
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assemblage of the pallaaites. It is noteworthy that the equilibrium fOg’s 
calculated for the pallasites are not exceptionally reduced; their most 
probable fO- range is only about 0. 5-1,0 log units below IW. Fig. M also 
shows the preliminary results of intrinsic fOg measurements carried out in 
our lab for an olivine separate from the Brenham pallasite; this measurement 
falls within the fOp range estimated from the phosphate-phosphide 
equilibrium. Inasmuch as it lies below the phosphate-phosphide stability 
boundary for T<1550° C and below the QMO buffer lines (a(Si0g)=1) for 
K'x^lOOO® C (Fig, 4), the intrinsic fOg measurement for the Salta pallasite 
reported by (13) appears to be anomalously reduced. In conclusion, the 
pallasites represent a strongly silica-undersaturated metal-silicate 
assemblage which probably equilibrated at redox conditions only slightly 
more reducing than that represented by the IW buffer. 
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Fig. 1. Standard free energies of the Metal-Oxide ("MO”) (2M + Og s 2M0) 
and QMO oxygen buffers of Fe, N1 and Co (log fOg =AG /2.303RT). The 
difference between the QMO buffers and their corresponding MO buffers is 
equal to the free energy of formation of the olivine from its constituent 
oxides, which becomes increasingly negative in the order Ni-Co-Fe. 

Fig. 2. QMO equilibrium calculations for peridotites #270(top) and 

#271 (bottom) assuming the metal to have a composition of X(Fe)=0.9, 
X(Ni)=0.1, and X(Co)=0.005. y(.Fe) , y(m) , and yiCo) after (14) & (15); y(Fo) 
and Y(Fa) after (16); Y(Ni„SiO.)=1 (cf.(l7) 4 Fig. 4); Y^C°?SiO.)=2 
(Fig. 4). ^ 

Fig. 3. QMO "baseline" calculations for peridotites #270(top) and 

#271 (bottom) , based on the observed concentrations of Fe, Ni and Co in 
olivine and assuming X(Fe)=1, X(Ni)=1, and X(Co)=1, respectively 

( Y(metal)=1 ) . Diluting the pure metal can only raise the indicated fOg for 
each buffer. Subject to the constraint that X(Fe)+X(Ni)+X(Co) = 1 , the only 
metal which can coexist with these olivines has a composition of X(Ni)=0.80, 
X(Fe)=0.19, & X(Co)=0.009 Cy(N1)=0.92, y^'^®^= 0-55; other y’s as in Fig. 2]. 

Fig. 4. QMO equilibrium calculations for the main group pallasitic 

meteorites. Activity coefficients as in Fig. 2, except that * 

The upper and lower limits of pallasite fOp estimated by (15) are shown by 
"IW" [X(Fe)=0.9] and by "FSM" (Farringtonite-Schreibersite-Metal) , 
respectively. Also shown are intrinsic fOg measurements for an^ olivine 
separate from Brenham (AND) and for a sample of the Salta pallasite 
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BOUNDARY CONDITIONS ON THE PALEOENVIRONMENT: THE CHEMICAL COMPOSITIONS OF 
PRE-SOLAR NEBULAE. 

Dr. W, M. Irvine, Dept, of Physics and Astronomy, University of Massachusetts, 
Amherst, MA 01003 

Accumulating evidence suggests that at least some inter- 
stellar volatile and particulate matter survived the formation of 
the solar system: anomalous noble gas isotope ratios in meteor- 
itic carbonaceous host phases, the possible presence of carbynes 
in both interstellar clouds and carbonaceous chondrites, and 
models of cometary compositJ.on which best match the spectra of 
radicals and ions in the coma (e. g. , (1), (2), (3)). The chemi- 

cal composition of the condensing molecular cloud which formed 
the solar system (the "pre-solar nebula") thus provides basic 
initial conditions for the study of planetary volatiles, and is 
probably quite directly related to the present composition of 
cometary nuclei. 

Direct analysis of this pre-solar nebula is unfortunately 
not possible, since it no longer exists. Solar-type stars are, 
however, being formed even today. If we could determine the type 
of region in which the sun formed, detailed studies might then 
specify the physical, chemical, and dynamical state of the proto- 
solar system. Although it has been apparent for some years that 
star formation occurs in dense interstellar clouds of gas and 
'^'lilltst" (particulate matter), only recently is it becoming clear 
that such regions exhibit striding differences in chemical '^om- 
^^josition (4). 

The so-called giant molecular clouds, of which that in Orion 
is the nearest example, are clearly the sites of on-going for- 
mation of stars considerably more massive than the sun. Whether 
the sun itself was formed in such a cloud is unclear, however, 
since low mass stars may also be born in the colder, more 
quiescent, lower mass regions known as "dark" clouds. 

We have recently compiled the first systematic, continuous 
spectrum of the Orion molecular cloud in the region 72-91 GHz (5). 
Several molecular species and isotopic variants were identified 
which had not previously been detected in Orion, including methyl 
formate, isocyanic acid, acrylonitrile, ketene, and cyanobuta- 
diyne. For heavier polyatomic species several rotational tran- 
sitions were typically observed, making possible an accurate 
analysis of excitation and hence abundance. 

The region called Taurus Molecular Cloud One (TMC 1) is an 
example of a dark cloud. It contains fragments with masses 
approximately equal to those postulated by Cameron (6) for the 
solar nebula and is cold (kinetic temperature ~ lOK) and 
quiescent. Such clouds had been believed to be chemically 
simpler than the giant clouds, but recently a number of molecular 
species have been found in TMC 1 which are not present in Orion 
or in the Galactic center cloud Sgr B2 (7, 8, 9). We have now 
succeeded in making the first detection of interstellar 
raethylcyanoacetylene in this source (10). 
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Fractional abundances for known constituents of the Orion 
molecular cloud and for TMC 1 will be tabulated and Compared. 
Particular attention will be given to the degree of saturation of 
simple nitriles in the two environments, and how this may relate 
to modes of molecular formation. 
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SOURCES OF VOLATILES IN SUBPUCTION ZONE MAGMAS: POSSIBLE GEOLOGIC 

CYCLING OF CHLORINE AND WATER. E. Its, Dept. Geology and Geophysics, 

University of Minnesota, Minneapolis, NN 55^55; A.T. Anderson, Jr., Dept. 

Geophysical Sciences, University of Chicago, Chicago, IL 6063? 

* 

Volatiles such as H20^ HCl, CO 2 , and S in subduotion zone magmas may ori- 
ginate from surficial or deep sources. Surficial sources Include aquifers 
and sedimentary rocks. Deep sources include lower crustal rocks, unmodified 
mantle, and subducted rocks. We investigate the possibility that H 2 O and Cl 
in subduotion zone magmas originate from subducted rocks, and if so how 
material balance works out for the two. It appears that for a reasonable 
range of estimates, about 10)1 of Cl and 5Q)( of H 2 O in subduotion zone magmas 
could come from subducted amphlbole minerals. Equivalent of about 50)t of Cl 
but about 1,000)( of H 2 O in subduotion zone magmas are contained in subducted 
rocks (Fig. 1). 
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1 . H 2 O and Cl balance between subduotion zone magmas and subducted 
oceanic crust. The ranges shown for total H 2 O and Cl contained in 
fresh oceanic crust, altered oceanic crust ± sediments, amphibole 
in altered oceanic crust, and subduotion zone magmas (on per year 
basis) are based on the estimates given in Table 1. 
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Assessment of production rate of volatiles by subductlon zone magmatlsm 
requires that a) the volatiles from shallow and deep sources can be discrimi- 
nated, and b) the magma production rate and average concentrations of volati- 
les In parental magmas can be estimated. Similarly, we need to estimate the 
average concentrations of volatiles in material subducted at trenches as well 
as the rate of subductlon. Our estimates are summarized in Table 1 , and what 
we consider to be Important sources of uncertainties in our estimates are 
shown in Table 2 . 

The ratio of CI/K2O in arc magmas may be Useful in identifying the source 

of volatiles. The ratio is highly variable in the upper crustal material, 

whereas it may be relatively uniform in the lower crustal and mantle 

material. Such difference in CI/K2O may arise from the sedimentary separation 

of Cl and K* Cl goes into solution, i.e., into seawater. K goes into K-rlch 
clays which after diagenesis/metamorphism resides in K-feldspar and micas, 

i.e., into crust. Hence CI/K2O of arc magmas contaminated by crustal 
material may be highly variable. Another factor controlling the CI/K2O of 
arc magmas is crystallization-differentiation process. As outlined by 
Anderson ( 1 ) , CI/K2O decreases when a magma becomes gas saturated and some Cl 
is carried away in a fractional process with H2O. The changes in CI/K2O with 
differentiation can then be used to identify the parental liquid. The com- 
positional range of parental magmas identified from CI/K2O ratios of trapped 
melt in phenocrysts indicate that high-alumina basaltic liquids are parental 
to new crust and have similar CI/K2O of about O.O8 (Fig. 2 ). Parental 
liquids from some volcanoes, however, show large and variable CI/K2O ratios. 
This may be due to crustal oontsm-nation: (a) at the Shasta region, the high 
Cl (and H2O) probably comes from the nearby hydrous Trinity ultramafic body 
which are found as dehydrated xenoliths in Shasta rocks; and (b) at Asama, 
there is evidence of a separate body of silicic magma lying above the 
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basaltic one. The average concentrations of Cl and H 2 O found in parental 
magntas with CI/K 2 O '^0.08 are 0.09)( and 2^, respectively. 
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1.0 2.0 
K2O wt. % 

Figure 2. Concentrations of Cl and K 2 O in some subductlon zone parental 
magmas are shown. 

^ = Hypersthenic magmas 
H = Pigeonitic magmas 
A = Shasta, California 
^ = Modoc, California 
Adapted from reference (1). 

Material subducted at trenches Include Igneous crust which has been sub- 
jected to some submarine alteration, and overlying sediment of variable com- 
position and thickness. Average fresh MORB (glass) contains about 0,005% Cl 
and 0.2$ H 2 O (e.g, 2,3). Ih fresh crystalline MOR basalt and gabbros, some 
Cl resides in apatite, but Cl may also be present along intergranular sur- 
face and be quite labile. Water in fresh crystalline rocks may be present in 
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Booe deuterio anphibole, and also along Intergranular surface. With altera- 
tion, main residence of Cl becomes hornblende (4), while that of H^O becomes 

various hydrous minerals that are formed (Figs. 3|4). The result of sub- 
marine alteration Is lOx Increase In H 2 O concentration, and probably little 

change to 2x original cone.?) in Cl concentration. 



Figure 3 . Amount of various hydrous minerals in altered oceanic crust and 

average concentration of H 2 O in each mineral. After reference (4). 
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Figure 4. Amount of various hydrous minerals in altered oceanic crust and 

average concentration of Cl in each mineral. After reference (4). 
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How deeply the volatiles are subducted depends on (a) the stability of 
host minerals In the P-T regime; (b) whether the host minerals simply 
dehydrate or melt, or whether prograde metamorphisro, for example, of 
greenstone to amphibolite takes place; (c) the expulsion rate of sedimentary 
pore-waters; and (d) the depth to which sediment is subducted. Some arc 
rocks show isotopic evidence of subducted sediment (e.g., 5,6), but others do 
not (e.g., 7)> Chlorite and clays breakdown at less than 50 km depth, 
whereas hornblende (and epidote), which is the major reservoir of Cl, per- 
sists to about do km where it either melts or dehydrates (6). Released H 2 O, 
probably rich in incompatible and volatile elements, or partial melt probably 
rises to overlying mantle where it takes part In generation of subductlon 
zone magmas. 

Assuming that subducted sediment does not participate in the genesis of 

arc magmas, 25 % to 100/( of Cl and 500JI to 1,000|^ of H 2 O in arc magmas can be 

supplied by subducted oceanic crust if all of Cl and H 2 O are expelled in the 

region of magma generation. If only Cl and H 2 O contained in hydrous minerals 

that are stable to 80 km or deeper (e.g., amphibole) participate in magma 

genesis, 5 % to 20^ of Cl and 25 % to 100]( of H 2 O in arc magmas can be 

accounted for. Taking a simple black-box approach, if the main source of 

subductlon zone magmas were mantle, then some or most of the volatiles can 

come from the subducted oceanic crust. This is further supported by the 

observation that Cl and H 2 O concentrations in arc magmas are higher than 

those in MORB or hotspot magmas. The real problem, however, seems to be that 

not enough H 2 O is being expelled by arc magmas compared to the amount sub- 
ducted with oceanic crust. 
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Table 1. Estimates* used in Figure 1. 



Fresh 

MORB 

Altered 

MORB 

Amphibole 
in alt. MORB 

Arc 

Sediments 


rock 

(x10l5 g/yr) 

60 (9) 

60 (9) 

0.7 to 3 (4) 

3 to 5 (10) 

3 (7) 


H2O 
(wt %) 

0.2 (2) 

1 to 2 (11) 

2 (4) 

2 (1) 

3.5 to 20 

(12) 

Cl 

(ppm) 

50 (3) 

25 to 100 (4) 

150 (4) 

900 (1) 

430 to 2500 

(12) 


sources of the estimates are given in parentheses. 
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Table 2, Sources of unoerbainblea in the estimates given in Table 1. 


Uncertainties 


fresh MORE 

Difference in concentrations between glassy and 
crystalline rocks. 

Reliability of averaKe concentrations. 

Altered MORB 

Bulk concentrations of Cl and H 2 O, i.e., average minera- 
logy of altered oceanic crust, average Cl and H 2 O con- 
centrations in hydrous minerals, and amount of 
intergranular Cl and H 2 O. 

Amphibole in 
altered MORE 

Abundance. 

Average concentration of Cl (analyi^ed range 100 ppm to 15 O 

Arc 

Magma production rate 
Composltion(s) of parental magma 

Sediments 

Composition and thickness 
Porosity 

Dewatering behavior in the trench environment 
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EXCHANGE OF WATER BETWEEN THE REGOLITH, ATMOSPHERE, AND POLAR CAPS 
OF MARS. Bruce M. JeJtosky *, Division of Geological and Planetary Sciences, 
Caltech, Pasadena, CA 91125, 

Understanding the evolution of volatiles on Mars requires understanding 
the processes which are currently acting to cause exchange between the various 
reservoirs on annual and longer timescales. On the seasonal timescale, ex- 
change of water can occur between the atmosphere and reservoirs of ice in the 
polar caps and of adsorbed water in the near-surface regolith covering the 
remainder of the planet. This exchange is driven by the seasonally-varying 
insolation and its consequent effects on the surface and subsurface tempera- 
tures and on the seasonal advance and retreat of the predominantly-C02 polar 
caps. On the longer timescale, exchange can occur between these same reser- 
voirs, and is driven by the changing annual insolation patterns which result 
from the 10^-year timescale variations in Mars' orbital elements (predomi- 
nantly the orbital obliquity) . 

Observations of the seasonal water cycle and its variations from year to 
year from the Viking ■ ■>acecraft and from Earth provide clues as to the impor- 
tance of the various rv >ervoirs on the seasonal cycle and provide boundary 
conditions against which models of the various processes can be compared. 

The results of the investigation of the seasonal behavior also have implica- 
tions for the longer-timescale exchange of water between the reservoirs. 

The water vapor content of tiie Mars atmosphere was measured from the 
Viking Orbiter Mars Atmospheric Water Detectors (HAWD) for a period of more 
than one Martian year, from Jtine, 1976, through April, 1979 « Colviinn abundances 
vary between zero and about 100 precipitable microns (pr ym) , depending on 
location and season, while the entire global adaundance varies seasonally 
between an equivalent of about 1 and 2 km^ of ice. The first appearance of 
vapor at non-polar latitudes as northern summer approaches, and the drop in 
abundance at mid-latitudes as s\nnmer ends, both strongly imply the existence 
of a seasonal reservoir for water within the regolith. There appear to be no 
net annual sources away from the poles that contribute significant amounts of 
water. 

The strong annual gradient of vapor from north to south implies a net 
annual flow of vapor toward the south; this southward flow may be balanced in 
part by a northward flow during the global dust storms, by transport in the 
form of clouds or adsorbed onto dust grains, or during other years. The 
perennial ly-cold nature of the south-polar residual cap», along with the rela- 
tively large summertime vapor abundances over the cap, implies a net annual 
condensation of water onto the south cap. Esti^tes of the amount of water 
transported south each year are consistent with the movement of ice being 
important in the formation and evolution of the polar layered terrain, and 
with the formation of the individual layers at the raije of one per obliquity 
cycle (10'* years) . 

Earth-based observations of the water vapor column abundance made over 
the last twenty years show that the seasonal cycle has a remarkable repeat- 
ability, except during 1969 when large vapor ab\indances were present during 
southern summer. This difference can be explained if all of the CO 2 had 
sxob'limed off of the south residual cap that year, exposing the underlying 
water cap. The ice would subsequently sublime and produce large amounts of 
atmospheric vapor at that season. The rate and amount of CO 2 sublimation may 
depend on the degree of dust storm activity each year and hence on the 
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different; thermal loads placed on the cap. The net effect of this different 
behavior is to remove the latitudinal gradient of water vapor and to mitigate 
the net southward transport of water that year. 

The possible processes for producing seasonal changes in the atmospheric 
vapor abundances have been modeled in order to infer the relative importance 
of each process in the seasonal cycle. The equilibrium between water vapor 
and water adsorbed onto the regolith grains is sufficiently temperature- 
dependent that seasonal subsurface temperature variations are capable of 
driving a large exchange of water between the atmosphere and subsurface. For 
the likely range of regolith properties, this exchange can be from 10-150% of 
tlie observed seasonal change in atmospheric abundance; the differences 
between this exchange and the observed vapor abundances result from the 
effects of transport of vapor due to the atmospheric circulation. Due to the 
latitudinal gradient of atmospheric vapor, there will also be a gradient of 
subsurface adsorbed water, with the south regolith containing much less water 
than that in the north; this gradient in the regolith will result independent 
of the regolith vapor diffusivity, as the near-surface water will be able to 
eixuilibrate on some timescale. 

Models have been constructed which include regolith exchange, ijolar cap 
formation, and atmospheric transport coupled together. Comparison of the 
model results with the vapor observations and with other data regarding the 
physical nature of the surface allows constraints to be placed on the 
relative importance of each process. The models are capable of satisfactor- 
ily explaining the gross features of the observed vapor behavior using 
plausible values for the regolith and atmospheric mixing terms. In the 
region between the polar caps, the i.egolith contributes as much water to the 
seasonal cycle of vapor as docs transport in from the more-poleward regions, 
to within a factor of two. Globally, 10-50% of the seasona?. cycle of vapor 
results from ex hange of water with the regolith, about 40% results from 
blie behavior of the residual caps, and the remainder is due to exchange of 
water with the seasonal caps. It is difficult to determine the relative 
importance of the processes more precisely because both regolith and polar 
cap exchange of water act in the same direction, producing the largest vapor 
abundances during the local summer. 

The system is ultimately regulated on the seasonal timescale by the 
polar caps’, as the time to reach equilibrixun for exchange of water between 
the atmosphere and regolith or between the polar atmosphere and the global 
atmosphere is much longer than the time for the polar caps to equilibrate 
with water vapor in the local atmosphere. This same behavior will hold for 
longer timescales, with the polar caps being in thermal ecjuilibrium with the 
insolation as it changes on the obliquity timescale (10^ years) , and the 
water vapor in the atmosphere and regolith following along. This long 
timescale exchange of water has implications for the Mars climato and for 
evolution of the polar layered terrain during the past billion years. 


* 


Now at Laboratory for Atmospheric and Space Physics, Campus Box 
392, University of Colorado, Boulder, CO B0309. 
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TERRESTRIAL HELIUM ISOTOPIC SYSTEMATICS 

Dr. W* 0. Jenkins. Woods Hole Oceanographic Institution, Woods Hole, MA 02543 

A study of teiTOStriol helium isotopic systematics is of interest for 
two reasons: (1) Uecausc of their short atmospheric residence times, fluxes 

of these isotopes from the solid earth are "visible" and hence, in principle, 
ineasurtfblo . 

(2j Each of the two isotopes are dominated by different "sour-e terms". 
‘Mle is primarily radiogenic, being produced by U and Th decay, ^llo is pri- 
marily primoridal (inherited) , although there is a small radiogenic contri- 
bution. 

Wo see a bimodal distribution of isotopic (^lle/‘*He) ratios in terrestri- 
al systems. "Primitive" or deep, undepletedjnantlo is characterized by high 
^lle/^'llo ratios, typically in the range of 10“® to lO”'*. Mid-ocean ridge 
basalts, the most prolific of mantle produced rocks, cluster near 10”^ 
whereas "plume basalts" are higher in ^He/'*llo. ^Continental ly derived helium 
is characterized by a low ®Ho/Mle, typically 10**° to 10"’, as would be ex- 
pected from a U, Th rich, initially degassed source region. 

Detailed studies of the distribution of Ho isotopes in rocks, gas wells 
and hydrothermal systems is revealing much about mantle structure, mantle- 
crust interaction and the large scale tectonic structui'o of the continental 
crust, What is also of value is the fact that, we are able to measure the 
fluxes of those isotopes and thus place real constraints on not only the 
present day degassing rate of the earth but also, through isotopic ratio of 
the deep earth, the long term degassing history. 

The study of the oceanic flux of ^Ho by Craig and Clark (1) led to an 
estimate of the oceanic ^Mc flux of 4 atoms cm~^s a value wlvich later, 
more detailed work has verified. Preliminary work at this laboratoiy on hot 
springs in the western U. S. show a ''Ho/hoat ratio of (1.2f0.3)xl0 ’cc(STP)/ 
cal, or about 3.2x10'' atoms ‘'He/cm^/s/H.F.U. This ratio is within the uncer- 
tainty of the calculated present day source ratio fov the continents. Using 
the "shallow" (non-mantle) heat flow distribution to estimate a ''He flux, we 
thus obtain a continental contribution of ^1.7x10^'* atoms ‘‘He s or a con- 
tribution roughly equivalent to the oceanic "mantle" contribution. The equi- 
valent- continental radiogenic ®Ho contribution from Li (n,a)^H ®He is en- 
tirely negligible compared to the mantle flux. 

A simple bulk-earth coherent degassing model calculation using U, Th, K, 
Ho and Ar indicates that the terrestrial degassing rate was substantially 
greater in the past, and suggests that the earth had perhaps 1% of the ®He 
abundance of chondritic material. This calculation also points to a deep 
ourth '*®Ar/^®Ar of the order of 200-400. 


(1) Craig, H., and Clarke, W. B. (1980) Barth Planet. Sci. Lett., 9^, 45-48. 
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TRAPPING OF GASES AND LOW TEMPERATURE VOLATILES IN LUNAR 
SAMPLES. S. Jovanovic and G. W. Reed, Jr., Chemistry Division, 
Argonne National Laboratory, 9700 South Cass Avenue, Argonne, 
Illinois 60439 

Trapping of volatiles on the moon may be viewed from two 
perspectives. One is the condensation of gases and volatiles 
at very low (<100 K) temperatures. The other involves fixing 
of gases and volatiles at much higher (up to subsolar) 
temperatures. The status of cold trapping is summarized in 
Section I. A brief discussion of Cl in lunar samples and the 
implications with regard to H 2 O is included in this section. 
We will concentrate, in this presentation, on higher 
temperature adsorption and propose trapping mechanisms. 
Section II and Conclusions. 

I. Pre-Apollo, the lack of an atmosphere on the moon did not 
deter Watson, Murray’ and Brown (1961) from addressing the 
question of the presence, location and quantity of H 2 O that 
might be at the surface of the moon. Their treatment of this 
problem has been up-dated by Arnold (1979)? see also Hodges 
(1980). The picture that emerges is that volatiles released to 
the lunar exosphere will eventually encounter a cold trap in 
permanently shadowed regions near the lunar poles, if they do 
not escape from the moon. Temperatures of <100®K are 
expected. Water should be the major trapped volatile and be 
present in quantities up to 10^' gm. The sources of H 2 O 
proposed are solar wind H on Fe-oxides, H 2 O bearing meteoroids, 
cometary impact and possibly degassing of the interior. 

The lunar sample data have not contributed further 
insights. Except in rare cases, there is no evidence for H 2 O 
in the sampled lunar surface. 

A case for volatiles in the moon must be made on bases 
other than H 2 O. One which should be considered is the presence 
of Cl in lunar samples. Lunar rocks and soils contain from a 
few to 300 ppm Cl; this is comparable to that in meteorites and 
terrestrial rocks. The Cl is present in at least two phases - 
one is water soluble, the other is stoichiometrically related 
to phosphorus, i.e. apatites. Since in terrestrial magmatic 
processes both Gl and H 2 O play important roles, the presence of 
Cl but lack of evidence for H 2 O on the moon needs to be 
understood. If Cl was a volatile in the solar nebula and was 
accreted by the earth, then it appears that H 2 O should have 
been accreted by the moon. Perhaps all lunar magmas lost H 2 O 
at the surface. 

IIA. Pour volatiles that have been identified in lunar samples 
are the gases Ar and Xe and the elements Hg and Br or their 
compounds. These all appear to be indigenous volatiles in that 
they exhibit surface correlated behavior both on the moon and 
in returned samples and they t, ee not produced in the material 
in which they are found or in related material such as local 
soils and rocks. 



TRAPPING OF GASES 


ORIGINAL PAGE fS 
OF POOR QUALITY 


Jovanovic S. and Reed G. W. , Jr. 


The persistence of the gases / parentJ.ess ‘♦°Ar and excess 
fissiogenic Xe, and of low temperature volatile non-gaseous Hg 
and Br in lunar surface material and, in the case of Ar, also 
in the atmosphere has posed a number of problems of fundamental 
importance in understanding the moon. These include the 
volatile or gaseous sources or reservoirs; how these elements 
are associated with substrate material, i.e. why they have not 
been totally depleted; their behavior in the regolith and in 
the lunar atmosphere; and as a result of their mobility, 
possible ponding in permanently shadowed cold traps. 

Heymann and Yaniv (1970) and Manka and Michel (1970) first 
addressed the problem of parentless “^^Ar in lunar samples. 
Reed (1971) discussed the presence of Hg and the 
fraction found to be volatile in subsolar temperature. Hodges 
and Hoffman (1975) reported on Ar in the lunar atmosphere. The 
Washington University team of Podosek, Hohenberg and others 
(Crozaz et al . , 1972, Drozd et al . , 1972 and Beratowicz et al . , 
1979 included references) identified unsupported fissiogenic Xe 
in solar and gas-rich breccias. Since any lunar atmospheric 
component will be electromagnetically accelerated and lost, all 
of these authors (see also Hodges, 1982) attempted to explain 
why the various atmophile elements have persisted. 

Activation energies for sorption or diffusion have been 
determined for Ar, Xe and Hg. Ar (Hodges, 1982) and Hg (Reed 
and Jovanovic, 1979) estimates were based on essentially 
in-situ lunar measurements; Xe was measured in the laboratory 
( Podosek et al . , 1981; Bernatowicz et al . , 1982). The Pig 
measurement was based on concentration gradients of Hg (and Br) 
in lunar soil in response to the subsolar heating; it is model 
dependent. The Ar measurement was based on mass spectrometric, 
detection of pre-sunrise increases in Ar in the lunar 
atmosphere. Xe sorption measurements were made on pulverized 
terrestrial and on lunar soil samples after pumping and heating 
to generate clean surfaces. 

Element E* (Kca^l/mole) 

Ar 6-7 
Xe 5-7 
Hg 8 

These activation energies are higher than have been reported 
for Ar and Xe on graphitized carbon black (2.20 and 
3.69 kcal/mol) and also higher than the 3.78 kcal/mol for Ar on 
heterogeneous surfaces (Hobson, 1973-74). From his data, Xe 
would have ~6.3 Kcal/mol adsorption energy on such surfaces; 
this is about the same as that noted above. 

Such low E* should not permit surface adsorbed fractions 
to persist at the lunar surface. Hence, some other trapping 
mechanism appears to be required since returned samples contain 
these volatiles. Implantation by solar wind or acceleration 
back to the surface from the lunar atmosphere can be ruled out 
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since Xe is found inside non-regolith rocks such as troctolite 
76535 (Caffee et al ., 1981). We have established that Hg is 
enriched on the underside of rocks relative to the interior or 
exposed surfaces, it is enriched in permanently shadowed areas 
under rock overhangs (see also WegmClller et al . , 1982) and at 
depth (5-8 cm) in drill cores. It should be noted that the 
excess Xe containing breccias range from extremely friable 
14082 to tough 15455. The open (friable) rock has not lost 
Xe . In addition, during storage on earth mobile fractions of 
Hg and Br have not migrated to uniformly coat surfaces in 
cores . 

Another observation relevant to the fixation of Hg on 
surfaces is from comparing vacuum sealed SRC (Apollo 16 and 17 
sample return containers) with Nz-fiHed core tubes from Apollo 
12 and 17. Surfaces were apparently not altered in the latter 
in a way that would cause desorption of Hg. A similar 
conclusion for Xe has been arrived at by Bernatowicz al . 
(1982). Storage time does not appear to be a factor either, 
since the Apollo 12 core was stored ten years. We have not 
measured 12027 dissected core samples but room temperature 
volatile Hg from whole core pumpir is the same in the 
Apollo 12 core and the two SRC's r ^ ic et al . , 1981). Hg 
volatilized at room temperature from ciie 70002 core was lower 
than that fr^^m the Apollo 17 core. 

IIB. We have acquired other data on Hg that is relevant to the 
trapping problem. In an experiment to determine Hg released at 
various temperatures by an atomic absorption method using a 
cold cathode, the initial [Eig] released below 130 “C was lower 
than that previously determined by neutron activation analysis 
on an aliquant of the samples. When the samples were recycled 
between room temperature and 130"C, the two concentration 
measurements agreed. Thus, a fraction or all of the Hg was 
present originally as a compound which decomposed to Hg atoms 
(Reed et al . , 1971). 

Stepwise heating experiments almost always exhibit a 
significant Hg and Br release at <130 “C, This is what we 
identify as the surface related fraction. Two sets of stepwise 
heating data are available. One is based on concentration 
gradients in cores resulting from the thermal gradient at the 
lunar surface, e.g. heating to a maximum of 130°C (Reed and 
Jovanovic, 1979). The other is based on stepwise heating of a 
basalt at temperatures up to 1200®C in the laboratory. Log 
o/a^ vs . 1 /t plots were made for both sets of data. The curves 
were straight lines after the lower temperature fractions were 
subtracted in both cases. The data points *in the upper half of 
Figure 1 are the high temperature data, those in the lower half 
are the lunar surface data. The scale for log D/a^ for the 
latter was arbitrary and was adjusted to attain the colinearity 
plotted. Note that regardless of this adjustment the slopes of 
the low and higher temperature curves are the same, i.e. the E* 
is the same. Thus a common factor is determining the mobility 
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of Ilg and the low and high temperature sites are of the same 
type. 

Conclusions 


Hg released at temperatures >450"C? rare gases released above 
500“Cr Hg, Br, Ar and Xe released at <130*C must be present on 
similar types of surfaces. Their adsorption is a property of 
the adsorbent. This property is physical, not compositional 
and is independent of the state of the material (i.e. soil or 
igneous roch). Hg is immobilized at low temperature probably 
as a compound which decomposes between 23 “C and 130 “C. 

Microcracking is common to all regolith material and could 
provide the surfaces and closure needed to trap volatiles. 
Heymann and Yaniv (1971) reported up to 50% release of trapped 
gases on crushing. Open microcrarks could account for the 
lunar surface release of Ar and migration of Hg at the lunar 
surface and at low temperatures in the laboratory. Opening of 
closed microcraeks could account for rare gas and Hg release at 
temperatures >500®C. Batzle and Simmons (1979) measured 
changes in fracture porosity in rock previously fractured at 
700 “C. On cycling between 30 “C and 230 “C (to match the lunar 
diurnal temperature excursions) the fracture porosity of 
granite increased but that of diabase, a closer analog to lunar 
basalt, decreased. In an Abstract in this volume, S. Ramadurai 
(1982) suggests adsorption on micropores to account for rare 
gases in meteorites. 

Work supported by the National Aeronautics and Space Agency. 
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Figure 1. D/a^ vs . 1 /t plot for Hg migration in lunar 
material. 'A) 60007 diffusivity data based on concentration 
gradients in cores related to the thermal gradient induced by 
subsolar heating. For model see Reed and Jovanovic (1980). 
(o) Diffusivity data for Hg release during stepwise heating of 
basalt 71568. 
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LOSS OF A MASSIVE EARLY OCEAN FROM VENUS, J.F. Kasting and 
J.B. Pollack, NASA Anes Research Center, Moffett Field, CA 94035 

The recent discovery of a 100-fold enrichment in deuterium on Venus^ 
strongly suggests that Venus was origin^Hy endowed with much more water than 
is now present in its atmosphere. If Venus and Earth had similar initial D/H 
ratios, the initial H2O abundance on Venus must have been at least .14 
percent that of Earth and may have been considerably higher if some deuterium 
has escaped or if juvenile water has continued to be degassed during the 
planet's history. The loss of water from the present Venus atmosphere occurs 
by nonthermal escape of hydrogen and oxygen to space'^*^. The degree of 
deuterium fractionation depends upon which of several possible mechanisms is 
primarily responsible for hydrogen escape. In a primitive Venus atmosphere 
in which 'rigO was much more abundant, these nonthermal escape mechanisms 
would have been superceded by rapid hydrodynamic outflow of hydrogen and loss 
of oxygen to the planet's crust^*^. Deuterium could have been lost 
effectively if the escape flux exceeded a certain critical value, so that a 
large D/H enrichment need not have occurred at this time^. The magnitude 
of the hydrodynamic escape flux depends upon the abundance of hydrogen in the 
Venus upper atmosphere, along with the rate of heating by absorption of solar 
EUV radiation. Watson et al.^ estimated an upper bound of 1.1x10^2 ^2 
molecules cir^s-l for a pure molecular hydrogen thermosphere and an EUV 
heating efficiency of 30 percent, but did not show how closely the actual 
escape flux would have approached this limiting value. 

We have repeated the hydrodynamic escape calculation using a coupled 
chemicav -dynamical model of the Venus upper atmosphere, The escape flux is 
calculated as a function of the H2C mass mixing ratio at the atmospheric 
cold trap, near 90 km for the present Venus atmosphere. The cold trap mixing 
ratio is then related in an approxin'ate fashion to the H2O concentration in 
the lower atmosphere, following the orocedure formulated by Ingersoll^. 
Combination of these two calcul ationi'i yields the variation of H escape flux 
versus H2O mixing ratio in the lower atmosphere (Fig. 1). The solid 
portion of the curve was derived by solving the hydrodynamic equations from 
the cold trap out to infinity using x = Vr as the vertical coordinate. The 
dashed portion of the curve represents classical Jeans escape of hydrogen. 

The transition from Jeans to hydrodynamic escape occurs at a lower atmosphere 
H2O mass mixing ratio C? (H2O) - 0.1, which corresponds to ^^4 percent of 
a terrestrial ocean if the partial pressures of COo and N2 were the same 
as today. All water is presumed to have been in the vapor state due to an 
extremely high (> 750K) surface temperature. A full terrestrial ocean of 
water would yield Cj^ (H2O) = 0.74. 

The escape fluxes calculated in our model depend upon several poorly 
known parameters, including the rate of heating by solar EUV radiation and 
the oxidation state of the lower atmosphere. The escape rates shown in Fig. 

1 are for solar minimum EUV fluxes, a heating efficiency of 15 percent, and a 
neutral or mildly oxidizing lower atmosphere. The escaping gas is predomi- 
nantly H, rather than H2, and the maximum escape flux of 2. 7x10^1 H 
atoms cm"2s“l is a factor of 5 smaller thfVn the critical flux required to 
carry off significant amounts of deuteriuri. The escape flux rises roughly 
linearly with increasing EUV heating rate* so deuterium may have been lost if 
the heating efficiency or solar ultraviolet flux was higher than we have 
assumed. Accumulation of O2 during the hydrodynamic escape phase would 
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have enlianced the hydrogen escape rate by increasing the absorption of ultra- 
violet radiation in the lower thermosphere. Escape rates would also have been 
higher if the lower atmosphere were reducing, as suggested by Watson et al?, 
since escape of Hg would supplement the loss of H. 

Helium could have been swept away during the, hydrodynamic escape process 
if the escape flux exceeded 7xlOi2 h atoms cm"^s“-^. This mechanism might 
account for the low abundance of ^He in Venus' present atmosphere compared 
to the amount expected from primordial and radiogenic sources^. 
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NONTIIERMAL ESC/WS'E OF HYDROGEN AND DEUTERIUM FROM VENUS AND 
IMPLICATIONS FOR LOSS OF WATER, S. USC Center for Space Sciences, 

Tucson, AZ, 85713, D.M. Uunten, Lunar nml Planetary Lab., University of 
Arizona, Tucson, AZ, 85721, J.B, Pollack, Space Science Division, NASA~Anos 
Research Center, Moffett Field, CA, 94305 

Venus is known to bo severely deficient in water compared to Earth. From 
Venera 11~12 entry probe data, Moroz et aj^, (1981) have derived an H,0 mixins 
ratio of 20 ppm at the surface which corresponds to 1.0 x 10*** gm per gm of 
Venus mass; the corresponding water inventory on Earth is 1 .<? x 10~^ gn per 
gm. The scenario that Venus has lost a substantial quantity of water is 
almost required by recent reports on D/ll ratio of 1K» deduced by McElroy et aj^. 
(1982) and a value of 1,6% obtained by Donahue fiJL li* (1982). The 
one~hundredfold enhancement relative to the Earth value (1,6 x lO-^) requires 
at a minimum the loss of 99% of the U, and much more if some of the D has been 
lost too. 

If Venus did indeed start ouf. with earth equivalent ocean of water in its 
atmosphere, H abundance in the exosphere would be so large that U could no 
longer be gravitationally bound and a controlled outflow would result (Watson 
et al . 1981) . Such hydrodynasiic escara i f n would cease when 11,0 mixing ratio 
at the cold trop drops to ~KH** which corresponds to a water mixing ratio of 
'^0,2 at the surface (Easting and Pollack 1982). Jeans escape (or thermal 
evaporation) would also be utterly negligible; the estimated escape flux for 
present atmosphere is only 5 x 10* cm-^ s-* for exospheric temperature of 
300 K,. We must therefore look to various nonthermal processes for further 
loss of II to account for the severe deficiency of H in the present atmosphere. 

^1) Plasmaspheric Charge Exchange ; Charge exchange between cold H and 0 
atoms in the exosphere and high temperature ions in Venus' plasmasphere 
leads to production of nonthermal or hot E atoms a fraoti;^n of which escape to 
space. Since the nightside shows a remarkable bulge in II in the predawn 
sector which corresponds to a 400:1 bulge in neutral H density in the 
exosphere (Brintou fiJL gJL., 1980), the escape flux at present occurs from the 
night side. Using Pioneer Venus ion temperature data of Miller ®_t (1980), 

we estimate a globally averaged escape rate of 2 x 10’ cm-* s-*. In the past 
atmospheres when the II. density would be higher, this source would be even more 
significant because the hot K production rate increases approximately as the 
square of the 11 density. If the source of ionization on the nightside is kept 
the same as what it is at present we estimate a maximum escape of flux of 
~2 X lOP cm-* 8'“* from this process in the past, Uie energy limited 
saturation would occur at an H abundance roughly 10 times the present value. 

Although the escape of H from the charge exchange on the dayside is small 
at present, it would saturate at a flux much higher than nightside value for 
high II abundance since the ionization source is stronger on the dayside. We 
find that the dayside source would saturate at a maximum II escape flux of 
~10*‘' cm-* S-* which would occur at ~1000 times the present H abundance in the 
exosphere. Thus charge exchange can maintain the II escape flux close to the 
diffusion limit and provide the necessary escape mechanism once the 
hydrodynamic escape terminates. 

(2) Hot 0 Impact Hot 0 atoms are produced by the recombination of 0, , and 
the subsequent impact of these hot 0 atoms on the exospheric hydrogen produces 
nonthermal H atoms some of which are energetic enough to escape giving a 
hydrogen escape rate of 8 x 10* cm-* s-* for the present atmosphere (McElroy, 
1982). This source works well at night and is significant for the 
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escape of M at present because the 0, ionosphere peak is observed et 145 lua 
(Taylor ej^ sltf 1980) just below the exobase which is at ~1SZ ksi, siakinf the 
hot 0 atoBs available to the exospheric hydrogen. In the present atffios/<!\»£Q, 
the exobase level is detemlneo by the atonic oxygen density, but in tSi® 
atnospheres when the H coloiin density could bo higher, it is the hydrogen gas 
that would deternine the exobase level. Once the exobase level is above 
250 km, approxinately one scale height of H above the 0^ peak, this, mechanism 
would operate very inefficiently as hot 0 end H atoms would collide with the 
cold n atoms and thermal ize before they reach the exobase and contribute to H 
escape. We expect this source to saturate at an exospheric B sbundsnoo only s 
few times the present vsiuc giving a sjaximum escape flux of "-S x 10’ cm-^ e-*. 
Hence this meohaniim would be inaignif leant iu the peat compared to the charge 
exchange process described above. 

(3) Ion-Molecule Reactions The important ion-molecule resotion for tbe 
production of uonthermsl H atoms is the reaction of 0 with H, and subsequent 
recombination of OH'^. The escape flux duo to this meohsuism clearly depends 
upon the mixing ratio, which is highly uncertain even for the presen^ 
atmosphere. If the mass 2 ion observed by the PV~OINS experiment is H, , the 
implied B^ abundance is about 10 ppm and the hydrogen escape rate on the day 
side is ~10* cm-* s-^ (Kumar ejt si.,, 1981). This source has comparable 
strength on the nightside due to the presence of predawn density bulge in mass 
2 ion. The mass 2 ion may, on the other hand, be d’ (MoElroy et.j|^., 1982), 

Ih ,-rhich case the B, mixing ratio could be quite low end the corresponding 
^r«»v^pe flux negligible. In past atmospheres, could have been more abundant 
due to higher outgsssing rates or reactions of atmospheric H^O with reduced 
minerals in the crust. But an abundance higher than 10 ppm would not lead 

to higher escape rate from the 0 -H^ source because increasing H, density 
implies an increase in H density which in turn results in a drop in 0^ 
density. For pact atmospheres the mechanism saturates at a flux of 
~3 X 10* cm-* S-*. Even if this mechaniia is important at present it is 
overtaken by charge exchange rapidly at higher H abundance . 

Thus charge exchange is the major nonthermal escape mechanism fox 
hydrogen. It is also the most important mechanism for escape of deuterium. 

At an ion temperature of 5000 K, the maximum measured at night, deuterium 
escapes with 44% the efficiency of hydrogen escape. At 2300 K, the ion 
temperature on the dayside, the relative efficiency drops to 11%. If the 
mixing ratios of H^O in the lower atmosphere are 2 x 10-* at present and 0.1 
initially (onset of hydrodynamic flow), we calculate a D/H enrichment during 
nonthermal escape ranging from a factor of 3500 at T. = 2300 K to 173 at 
T. B 5000 K. The loss of a full terrestrial ocean or water is consistent with 
the observed D/H ratio if outgsssing of juvenile B,0 has continued during the 
planet's history. 
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CONSTRAINTS ON THE EVOLOTION OF THE MANTLE FROM NOBLE GAS ISOTOPE RATIOS. 
M.D, Kurz and C.J. A116grc, Laboratoire de GSochimie, Institut 
de Physique du Globe, 4 Place Jussieu - 75230 Faris cedex 05~France 


Numerous studies of Sr, Nd and Pb isotopic variations in basaltic rocks 
have shovm that the terrestrial mantle is heterogeneous. Recent studies of 
the noble gases, particularly He, Ar, and Xe, provide important constraints 
on the origin and evolution of the heterogeneities. Measurements of the 
%e/^He and 87sr/°®Sr ratios in oceanic basalts yield clear regional corre- 
lations (i), which shows th.'it the two isotope systems (U-He, Rb-Sr) are not 
decoupled. The highest 3He/%e ratios allow identification of the source 
regions for Hawaii, Iceland, and Reunion as relatively undepleted, a result 
which is at odds with criteria for selecting "primitive” mantle based on the 
Sr-Nd correlation. The overall helium and strontium variations require the 
existence of at least three mantle reservoirs (1,2). A simple model to explain 
the variations includes undepleted, depletes and recycled mantle reservoirs. 
Although available measurements do not allow unambiguous identification of the 
corresponding argon and xenon isotopic composition for the reservoirs (partly 
because of contamination effects), recent measurements on MORE glass yield 
important information on the depleted mantle. The mean age of >4x10^ years, 


calculated from Ar and Xe measurements (3, 4), not only suggests early out- 
gassing, but also place limits on the extent of recycling. Consideration of 
the global %e flux, ^He/^^^r measurements, and atmospheric 36^r inventory 
shows that present day degassing rates are insufficient to generate atmospheric 
argon, which is consistent with early outgassiiig. %e concentrations for the 
different mantle reservoirs can be inferred from the measurements, and suggest 
that the present day %e flux, and the %e in ^tt)RB, is ultimately derived from 


the lower mantle. 


1) Kurz M.D., W.J. Jenkins, J.G. Schilling and S.R. Hart, Earth Planet. Sci. 
Lett. 1-14, (1982) 

2) Kurz, M.D., W.J. Jenkins and S.R. Hart, Nature 297 , 43-47, (1982) 

3) Staudacher, Th. , and C.J. Allegre, Earth Planet. Sci. Lett, (in press). 

4) Sarda, Ph., Th. Staudacher, and C.J. Allegre, EOS 63, 458. 
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PROCESSES OF SHOCK DEHYDRATION ON ACCRETING PLANETS. P. Lambert. 
SN6/NASA JSC. Houston, TX 77058 and M. A. Lange, Sei sinological Laboratory, 
CALTECH 252^-21, Pasadena. CA 91125 


INTRODUCTION: Sei'pentlne and serpentine-1 fke layer silicates are the major water-bearing phases 

In carbonaceous chondrites (1.2). It appears that these minerals, and a poorly defined cometary 
contribution, were the most likely water-bearing phases In accreting planetesimals which led to the 
formation of the terrestrial planets (3,4). In several models (3,5,6) formation of a planetary 
atmosphere/hydrosphere is envisioned as a primary process, taking place during accretion. Water and 
other volatiles In minerals of the Infalllng planetesimals Is released when these bodies hit the 
accreting planets, and Is continually added to a growing proto-atmosphere. The aim of this study was 
to constrain the processes by which Impact on accreting planet contributes to the evolution of the 
planetary volatiles. Two approaches were envisioned; fa) study of experimentally shocked minerals 
analog to the probable primordial water-bearing phases In accreting planet; (b) comparative study of 
carbonaceous chondrites. 

MATERIALS/METHODS; Experimentally shocked material comprises brucite and antigorlte (4,7), 
blotite and muscovite (8,9), talc, and amphiboles (10). Experiments have been carried out with a 20 mm 
flat plate accelerator using Impedsnce match technique and mtiltiple shock reverberations. In brucite 
and serpentine experiments, vented and sealed target assemblies have been usqd to constrain vapor 
escape (4). Investigated pressure ranges from about 10 to 80 GPa (1 G^asJlO atm). The studied 
chondrites are C2 carbonaceous chondrites: Murchison, Murray, ALHA 77306 and ALHA 78261. The analy- 

tical techniques Includes microprobe, SEM, IR spectroscopy, thermogravimetry and optical microscopy. 

RESULTS; Shock Induced dehydration of antigorlte starts at P> 20 GPa and Is complete at P> 60 GPa 
(Fig. 1). Shock dehydration of brucite and micas occur at lower pressures. Shock dehydration Is more 
efficient In porous material (Fig. 1). Confinement favors readsorption of a portion of the shock 
released structural water by the shocked mineral. Dehydration Intervals and activation energy for 
dehydration of shocked samples Is less than that of the unshocked equivalent. Dehydration Interval 
and activation energy for dehydration of a shocked mineral decreases with Increasing shock pressure. 
Evidence of melting In experimentally shocked antigorlte and micas Is revealed by the highly vesicular 
and apparently homogeneous glasses. Shock Induced melting In talc and amphiboles result In decomposi- 
tion of the mineral and formation of an assemblage of vesicular glass and crystalline phases. Signif- 
icant melting (affecting 10* or more of the initial phase) Is detected at P> 30 GPa In micas and PP 
GPa In antigorlte, talc and amphiboles. Compared to "dry” silicates, antigorlte talc and amphibole 
shocked In the range 0- 50 GPa shew remarkably very little deformation features. 

Investigated C2 chondrites display a breccia texture characterized by an abundant matrix {60-80% 
of the meteorite). There is a hiatus In grain size between the matrix and the clast. The degree of 
"serpentintzatlon" of clasts varies from one clast to another. Locally an oriented texture Is observ- 
ed In Murchison and In ALHA 77306. Preferred orientation Is related to variations In the nature 
and/or texture of the matrix minerals and to deformation and elongation of the clasts. We have not 
observed vesicular phases similar to that described In the shocked serpentine (P>45 GPa) or shocked 
micas (P>30 GPa), In the matrix of studied C2 chondrites. There are fractures of local extension 
cutting through the matrix. These fractures are also filled by hydrated silicates. Shock In C2 is 
revealed by strong fracturing and by mosaicism In some of the clast minerals, preferentially In pyrox- 
enes. Host remarkable Is a strongly fractured enstatite fragment In Hirchlson which displays deco- 
rated planar elements resembling those conmonly encountered In shocked tectoslllcates from old and 
deeply eroded terrestrial Impact structures (12-14). Terrestrial DPE are Interpreted as result of 
post shock healing- dissolution processes In the mineral related to fluid Interactions along shock 
produced planar discontinuities (15-16). Other type of healing features are also observed In olivine 
and pyroxenes of C2 In the form of planes of Inclusions (see also (17)). Probable annealing features 
are observed In olivine and possibly In some pyroxenes. 

IMPLICATIONS/CONCLUSION: Experimental shock does release HpO In material analog to that con- 

sidered to represent the primordial HpO bearing phases of accreting planet. The major path for cir- 
culating HpO vapor Is represented by the presence of vesicles, their morphology and their location. 
Complete dehydration of serpentine Is achieved by a single shock>-60 GPa. This value can be consid- 
ered as an upper limit. Successive shock and/or porosity wiil yield to a lower value of P for total 
water release by shock. Because of the lack of petrographic Indicator for shock under 45-60 GPa In 
experimentally shocked antigorlte, It cannot be decided from the present observations of C2 chondrites 
whether the matrix phases of C2 have been shocked or not. It can only be concluded (1) the minerals 
constituting the matrix have not experienced shock pressure In excess of 45-60 GPa because phyllo- 
slllcate glasses are not observed; (2) shock could be responsible for the localized fractures cutting 
through the matrix. Study of "veins" In Cl suggests superposed deformation events In the matrix (11). 
The difference of activation energy for dehydration of shocked and unshocked serpentine Is considered 
as the most promising Indicator for relatively weak shock In the matrix of C1-C2. Feasibility of the 
use of beam damaging under TEM to characterize this difference Is currently being tested; (3) at least 
part of the clast population of C2 chondrites has been shocked. Healing features In clasts are sig- 
nificant of a thermal and possibly hydrothermal event(s). The same event(s) could be responsible for 
the alteration processes reported In the matrix of C chondrites (11, 17, 18). Some and possibly all 
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th« cl aits of Inveiti gated C2 chondrites could t«ve axperlenced a strong feheatlng event after shock 
dtfomitlon resulting In essentially ccwplete annealing of all olivines and partial recovery of pyrox- 
enes. 

Highly vesicular glasses In the recovery experiments are significant of a congruent melting (with 
exception for HjQ) of serpentine and micas. Such glasses have not been reported In natural material 
nor In experlmdhtal petrology experiments. These glasses are supposedly metastable and are very 
likely to be strongly vulnerable to alteration and recry stall liatl on processes. It Is proposed as a 
working hypothesis that some (iierhaps PCP and glass) If not most of the matrix of Cl and C2 Is related 
to phylloslllcates melts and/or their alteration. The similarities between CS chondrites and hydro- 
thormally altered terrestrial Impact ksUs are noteworthy, texture, matrix to clast ratio, hiatus of 

8 rain site between clast and matrix* variable degree Of alteration of the clast (related to shock con- 
Itlons In each clast), flow like and/or lamination textiire, shock and annealing features In fne 
clast, Finally, the constituents of C2 chondrites are probably not primordial material of an accret- 
ing planet but already represent material reprocessed since crystal lltatl on via shock* thermal and 
Ivdrothermal processes# These processes are possibly all related to Impact(s). 

REFERENCES! (1) WlUenlng* E. L,. Ole Naturwlssenschaften 6S, p, 73-79, 1978. (2) Barber, 0. 0.. 
Geochlm. Cosmochlm. Acta 45, p. 945-970, 1981. (3) Arrhenius ’GT* De B, R., Alven, H.* In "The Sea," 
Goldberg E, 0., Ed., Wiley, New York, p. 839-861, 1974, (4) Lange, M, A., Ahrens, T. 0,, In "Proc. 
Lunar Planet. Scl. 13," 1982, In press. (5) Benlow, A,, Headow, A. J», Astrophysics and Space Science 
46, p, 293-300, 1977. (6) Lange, M. A., Ahrens, T, d., (Abs), 'fc?/inar and Planetary Scl. XI, p. 596- 

1980. (7) Lange, M. A., Ahrens, T, 0., Hoteoritlcs, Abstract 45th Ann. Met. Society Meeting, 

1982. (8) Lambert, R.. Ph.D. Unlv. Parls-Orsay, 515 pp, 1977, (9) Lambert, P.. Meteorltlcs 14. p. 

466-469, 1979, (10) Umbert, P., Meteorltlcs, Abstract 45th Ann Met. Society Meeting, 1902. Ill) 

Richardson, $. M., Meteorltlcs 13, p. 141-159* 1978, (12) Robertson, P. B., Dence, M. R., Vos, M. A,, 
In "Shock Metamorphism of NaturiT Materials" Ed. by French, B. H., Short, N., p. 433-452, 1968. (13) 
Engclhardt, W, V., Bertsch, W., Contrlb. Mineral Petrol. 20, p, 203-234, 1969, (14) Stdffler, D., 

Fortschr, Miner. 49, p. 40-113, im. (IS) Pagel. M., P^, fl., Fortschr, Miner. 52, p. 497-489, 
1975. (16) LimbertT F., Contrlb. Mineral Petrol. In press, 1982. (17) Bunch, T. E.,’CRang, S., Geo- 
chlm. Cosmochlm Acta 44, p. 1543-1577, 1980. (10) Macklnnon, I. 0. R., Baker, M. B,, King, T, V. V,, 

Metjoritlcs 1_6, p, 352^53, 1901. 
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FIGURE 1i Shock-Induced water loss In antigorlto (A) and brucltc (B) as a function of shock pres- 
suiv! In experiments. Numbers on open symbols Indicate Initial porosities of shocked samples. 
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ACCRETION OF WATER BY THE TERRESTRIAL PLANETS 
by M. A. Lange and T. J. Ahrens, Seismological Laboratory, 252-21, California 
Institute of Technology, Pasadena, CA 91125 

Introduction 

A primary atmosphere probably formed on the terrestrial planets due to the 
impact-induced release of volatiles in Infalling planetesimals during 

accretion (1, 2, 3), We have previously (3, 4) examined constraints on the 
production of an impact-generated terrestrial atmosphere by examining the 
following processes: (1) the supply of volatiles by infalling planetesimals 

during accretion; (11) the hydration of non-hydrous silicate minerals 
(forsterite and enstatlte), which will take water from the existing 
proto-atraosphere; and (ill) the growth of a proto-atmosphere as a result of 
impact-induced devolatilization of hydrated surface layers of the growing 
planet. Model calculations led to a number of constraints on the conditions 
required to generate a primary impact-induced atmosphere. These conditions 
were met by the accretional environment of Earth and Venus. However, the 
models are limited by two assumptions. The release of volatiles as a result 
of shock loading was treated theoretically since data on Uiis process were 
lacking and we did not model the interaction of metallic iron with water. 
Ringwood (5) has suggested that this interaction is a primary process by which 
atmospheric water is dissociated and subsequently lost. 

We present new data on the shock-induced dehydration of two hydrous 
minerals, serpentine (Mg3 013 O5 (0H)2) and bruclte (Mg (0H)2), which define 
the amount of dehydration as a function of shock pressure and thus restrain 
more thoroughly the processes (i) and (ill) of our model calculations. In the 
present study we also consider reactions between iron and water, which bound 
the extent of the iron-water interactions during accretion of Earth and Venus. 

Shock- Induced Dehydration of Serpentine and Bruclte 

We carried out shock-recovery experiments on antlgorite-serpentine and 
bruclte aimed to determine the amount of shock-induced water loss as a 
function of shock pressure (6). Thermo-gravimetric analysis of the shocked 
sample allows determination of its post-shock water content and, by comparison 
with the initially present water, yields the amount of shock-induced water 
loss. Figure 1 gives the result)! of these experiments, which define a single 
relation between water loss and shock pressure for each mineral. The 

experimental data agree well with the theoretical predictions for complete 
water loss (3) and justify the use of these predictions in previous models (3, 
4). Shock pressures in serpentine, a likely water bearing phase in 
terrestrial planetesimals, can be related to impact velocities needed to reach 
these pressures. Assuming that infall velocities of planetesimals equal the 
Increasing escape velocities of a growl; planet, we can relate relative size 

r/R and relative mass m/M (R, M are final radius and mass of a planet, 

respectively) to shock pressures in antigorite-serpentine. Given the relations 
between shock-induced water loss and shock pressure (Fig. 1), we can 

determine the amount of Impact-dehydration in the course of accretion of the 
terrestrial planets (Fig. 2). Complete water loss in serpentine occurs when 
Earth and Venus have grown to '-half their radius and have reached - 0.1 of 

their mass. On Mars, complete water loss in serpentine is never achieved 
during accretion. Thus, generation of an impact-induced atmosphere appears to 
be possible on Earth and Venus and less likely on Mars. 
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Lange, M. A» and Ahrens, T. 0. 

IoitGfaQK.ton of Iron and Water PurliiB Accretion 
Rlngwood (5) haa proposed that the reaction of iron and onstatite with 
water upon accretion of chondritic planetesimals provides a dominant sink for 
atmospheric water. Assuming homogenevous accretion, a nearly chondritic 
composition may be approximated by the assemblage of 7.7 wt.% anorthite, 22.5 
wt.!^ enstatlte, 34.5 wt.% forsterite,, 34.4 wt.% iron and »>'3 wt.!l5 water 
throughout accretion. Mngwood implies that reactions between iron imd water 
on the surface of the growing Earth proceeds rapidly such that essentially all 
the water present is dissociated and the resulting II 2 svibsequently escapes. 
This process would lend to a lack of a sizable terrestrial water reservoir and 
to the alteration of -1/3 of the total iron due to the reactions with water, 
'lliis would result in a post-accretional FeO concent of the Earth of --17 wt./C, 
if FeO is not a constituent of the Earth's core (7), i.e., well above current 
escimates for the iron content of the Earth's mantle of ~8 wt.% (8). 

Wo have taken the present FeO content of the mantle as a constraint to the 
maximum amount of iron which could have participated in a reaction of the type 
which causes the mantle to become more olivine rich than chondrites; 

MgSi03 + Fe + U 2 O 1/2 Fe2Si04 -F 1/2 Mg-^SiO^ + ll2i 
In order for the Earth to retain its water complement, we conclude that either 
a sufficient amount of liydrous phases wore accreted before the Earth had grown 
to ‘viois of its final mass or that the Earth's water was accreted late in its 
formation as proposed by Smith (9). 


References; (1) Arrhenius G., tte B. R. , and Alvcn H. (1974) In The 
Sea ,839“-86l. Wiley, N.Y. (2) Benlow A. and Meadows A. (1977) Astrophys. 
Space Science 46 . 293-300. (3) Lfvnge M. A. and Ahrens T. J. (1980) In' 

Lunar and Planetary Science XI , 596-598, Lunar and Planetary Institute, 
Uouston,~TJU (4) Lange M. a 7 and Ahrens T. J. (1982a) Icarus , in press. 
(5) Rlngwood A. E. (1979) Origin of the Earth and Moon , 295 pp., Springer, 
N.Y. (6) Lange M. A. and Ahrens T. J. ( l982b) J. Geophys . Res . , in 

press. (7) Watt J. P. and Ahrens T. J, (1982)~ Tj. Geophys. Res. 87 , 

5631-5644. (8) Wiley P. J. (1971) The Oynamic Earth; Textbook in 

Geo science s, 416 pp., Wiley, N. Y. (9) Smith J. vT (l977) Proc. "LiihaF 

Sci. Gonf." 8th . 333-369. ' 



riturt h a<ock-lBiiuc«d water loaa in Mtiinfit* 
■na kru«lt« •• • iuoetAon of ahock pmatura in 
yraaant aiparlaantB. 


rii. li ihocWnducaa uacar lo*. In antiiurita 
(In vt, i at (h. total aaount of atructural water 
in ancljorUa) at a function of ralaUva alia 
(r/H) ant) ralillva laa.a (n/H) o( Ui. accratlrn 


tarraatrial pUnala. B«h)n)ratloiv of antlnorita in 
infalUn, vAanacttliaala aiut of 
Itowin* planata ta)(aa plaea when t)\. Uirathold 
praaanpat a. plvan in ripura 1 art txea*daa> tltli 
takaa pVaca at dlffacant ata|aa in tha aceratlonal 
•a^Uanca fop aath planat. tha poaltlon of which 
aapanda on lha waan danalty and tha final alia of 
tha planatary body aa ilaan hy tha cuvvaa for 
kartlv Vanua (P), anil hara (d), PuTthar 
datalla, tan text. 



ORIGINAL PAGE IS 
OF POOR QUALITY 


THE NOBLE GAS RECORD OF THE PRIMITIVE NEBULA AND THE EARTH 

0. K. Manuel, Department of Cheiiistry, University of Missouri-Rolla 
Rolla, MO 65401 

D. D. Sabu, Box 552, Shreveport, LA 71162 


Elemental and isotopic ratios of the noble gases in terrestrial, 
lunar and meteoritic solids and in planetary atmospheres provide the 
following information on the initial distribution and evolution of 
these elements in the solar system: 

(i) The primitive nebula contained basically two types of noble 
gases, type-X and type-Y. The central region contained type-Y 
noble gases, consisting of isotopically "normal" Ar, Kr and Xe 
but no He or Ne. The outer region contained type-X noble gases, 
a mixture of He, Ne and isotopically "strange" Ar, Kr and Xe. 

(ii) Type-Y noble gases account for the bulk of Ar, Kr and Xe in 
chondrites, ureilitesn iron meteorites and in the four inner 
planets. Type-X gases are probably dominant in the outer 
planets. A carbon-rich phase of chondrites also contains type-X 
noble gases and this accounts for all of the "planetary" He and 
Ne in chondrites. Most of the He and Ne in the other types of 
meteorites and in the four inner planets were implanted on grain 
surfaces by an early solar wind. 

(iii) Differences between the isotopic composition of Xe-X and Xe-Y 
are large, up to a factor of 2. Smaller differences exist 
between the isotopic composition of terrestrial and bulk chon- 
dritic Xe. However, troilite (FeS) separates of iron and 
chondritic meteorites contain terrestrial -type Xe. 

(iv) The atmospheres of the terrestrial planets were produced by an 
early exhaustive degassing of specific regions. For Mars, 

Earth and Venus the degassed portions are about 1-2%, 17% and 
100%, respectively. High values of ^^^Xe/^®^Xe and '^‘^Ar/^^Ar 
characterize the early degassed portions of the Earth. 

(v) Exhaustive degassing of the upper mantle-plus-crust system 

produced the Earth's atmosphere during the first 2 x 10° years. 

The lower mantle has retained most of its initial inventory of 
Ar, Kr and Xe, and leakage of °He from the lower mantle accounts 
for the frequent occurrence of °He/‘*He ratios that are higher 
than in air. 

(vi) Most of the ‘‘“Ar in air was produced in the crust prior to solidi- 
fication about 2 x 10° years ago. Subduction of sedimentary 
material into the upper mantle is responsible for observations of 
atmospheric-like values of ‘*°Ar/°°Ar and ^^°Xe/^°^Xe in some 
samples from the upper mantle. 
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THE NOBLE GAS RECORD OF THE PRIMITIVE NEBULA AND THE EARTH 
0. K. Manuel and D. D. Sabu 


Differences in the elemental and isotopic compositions of primitive 
noble gases (item i) were the basis for our suggestion [1,2] that type-X 
gases came from the outer part of a supernova where light elements are 
abundant and that type-Y gases came from the star’s interior where fusion 
reactions had consumed all light elements. The sole occurrence of He and 
Ne with specific isotopes of Xe is now well established [3,4], and this 
observation is finally receiving some attention from the astrophysics 
community [5,6]. 

The apportionment of type-X and type-Y noble gases (item ii) and 
the distribution of major elements in the planetary system led us 
to suggest [2,7] that the Solar System formed from the debris of a 
single supernova (SN) and that the sun formed by accumulating material 
back onto the SN core. According to this view, the giant Jovian planets 
are composed of elements from the outer part of the SN, the cores of the 
inner planets formed in the central Fe-rich region of the SN debris, and 
these were veneered with minerals of lighter elements as condensate from 
other regions fell toward the protosun, There is a growing body of 
evidence for condensation from chemically and isotopically distinct 
regions (e.g., ref. 6-10). 

The occurrence [11] of terrestrial -type Xe in meteoritic troilite 
(item iii) provides further evidence that the primitive nebula was 
chemically and isotopically zoned, The injection of isotopically 
anomalous elements from a nearby supernova [12] or via refractory grains 
of interstellar dust [13] fails to explain the absence of He and Ne in 
type-Y noble gases or the occurrence of terrestrial -type Xe in meteoritic 
troilite. 

Presently available data on noble gases for the terrestrial planets 

[14] provide additional evidence (item iv) for an undepleted lower mantle 

[15] . The presence of an iron core within an undepleted mantle [14,15] 
is compatible with the suggestion that the core was produced by hetero- 
geneous accretion rather than by differentiation of an initially homogene- 
ous planet. 

The presence of excess ^^^Xe in the upper mantle [14] requires an 
early but short period of degassing (item v). Excess ^^®Xe occurs in 
the upper mantle, but primitive ^He leaks from the lower mantle. The 
isotopic composition of terrestrial He and Ne suggest that these were 
implanted from the solar wind [14]. Degassing of crustal potassium 
can account for the bulk of the '’“Ar in air (item vi) and the amount of 
**''Ar corresponds to an average age of 2 Gy for crustal rocks [14]. 

Our most recent review of noble gas data [16] reaffirms our con- 
clusion that the Solar System condensed from the chemically and 
isotopically heterogeneous debris of a single supernova. 
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THE NOBLE GAS RECORD OF THE PRIMITIVE NEBULA AND THE EARTH 
0. K. Manuel and D. D. Sabu 
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2 CARBON IN ROCKS FROM THE EARTH'S MANTLE. E. A. Mathez\ V. 0. 
Dietrich‘S, and A. J, Irving! (iDept. of Geological Sciences, Univ. of 
Washington, Seattle, Wa., 98195; 2inst. Krist. und Petrog., ETH-ZUrich, 
CH-8092 Zurich, Switzerland) 

The absolute abundances of C and relative amounts of vapor phase C 
(mainly CO 2 ) + condensed C and carbonate have been determined in a represent- 
ative suite of mantle-derived peridotite xenoliths from alkali basalts and 
kimberlites. Analyses were made of the interior portions of xenoliths least 
likely to have experienced chemical exchange with host lava. Samples were 
crushed to coarse {< 1.4 mm) fragments, washed either in H 2 O or in cold IN HCL, 
and fused with a flux in oxygen. All C was thus liberated as COp, which 
was then determined by titration. 

A significant proportion of the C in nearly all samples is removed by 
acid-washing (fig. 1), This soluble fraction must consist almost entirely of 
carbonate present on grain boundaries and in through-going microfractures. 

This material probably originated from a source external to the xenolith, 
judging from the petrographic relations and the fact that C abundances in the 
unwashed samples are highly variable compared to those in the acid-washed ones. 
In some samples, such as those from Kilbourne Hole (KH), contamination by 
meteoric carbonate is suspected. In samples from areas in which obvious 
meteoric sources are lacking, the xenolith carbonate probably originated by 
post-eruption redistribution of C derived tyriginally from the host lava. Gar- 
net Iherzolite and eclogite xenoliths from kimberlites are typically carbonate- 
rich (90 to 1100 ppm carbonate C). In all of these rocks, truly "indigenous" 
carbonate is probably restricted to the dolomite and magnesite found in poly- 
mineralic inclusions in silicates (1,2) or as daughter products in COg-rich 
fluid inclusions (fig. 2) (3), Carbonates in these occurrences are extremely 
rare, however. 

Typical acid-washed Cr-diopside and spinel -bearing (Group 1) Iherzolites 
contain 10-40 ppm total G (fig. 3). Although Group I xenoliths are generally 
believed to be residues from which a partial melt was extracted (4), some of 
those from KH possess REE and isotopic characteristics that would permit mid- 
ocean ridge tholeiites (MORBS) to be generated from them (5, 6). If the 
mantle below KH is indeed representative of that underlying the ocean basins, 
then source regions of MORBS contain approximately 20-25 ppm C. 

The chemically more evolved Al-augite (Group II) pyroxenites have C 
abundances that are on average only slightly higher than those in the Group I 
rocks. This is in particular true for some composite Wi xenoliths consisting 
of deformed Iherzolites intruded by pyroxenite dikes (5,7). The close simi- 
larity of C abundances in the two rock types of the composite samples is not 
an expected consequence of the postulated formation of the pyroxenites as 
crystallization products of alkali basaltic magma. Possibly, the C signature 
of all KH rocks was imposed later than the initial fabric-forming deformation 
of the Iherzolite and the subsequent igneous activity which produced the 
pyroxenites. 

Within the spinel Iherzolite suite, C abundances appear to be related to 
the degree of LREE enrichment (fig. 4). This is consistent with the generally 
accepted hypothesis that the incompatible trace element characteristics of 
these rocks are determined by metasomatic CO? or COg-HgO-rich fluids (8). 

The behavior of C appears to be similar to that of the incompatible trace 
elements rather than being related to the overall degree of chemical evolution 
of mantle rocks (as expressed, for example. In their major elements or in 
absolute REE abundances). 
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Many of the Hualalal xenoliths, which probably originated as cumulates in 
the lower crust or upper mantle (9), contain abundant fluid inclusions and 
are thus relatively C-rich. In contrast to the typical Groups I and II rocks, 
their C abundances are related to their modal cl i nopyroxene contents* This 
is because fluid inclusions and C-bearing microfractures are much more abun- 
dant in pyroxene crystals than in adjacent olivines. This may result from 
differences in the manner in which the two minerals deform under non-hydro- 
static conditions. 

Elemental C» possibly mixed with small amounts of organic matter, is 
observed on grain boundaries, on crack surfaces, and on the walls of fluid 
Inclusions formed by annealing of microcracks (fig. 5) (10). The condensed 
C is thought to have precipitated by disproportionation of CO according to 
the reaction 2C0-K)+CP at moderate to low pressures (^ 5 kb), possibly during 
post-eruptive cooling of the xenolith. 

Refs; (1) McGetchin, T.R., and Besancon, J.R., 1973, Earth Planet. Sci. Lett., 
18 , 408-410. (2) Hervig, R.L., and Smith, J.V., 1981, Am. Mineral., 346- 

349. (3) Rovetta, M.R., and Mathez, E.A., 1982, Abs, 3d Internat. Kimberlite 

Conf. (4) Frey, F.A., and Green, D.H., 1974, Geochim. Cosmochim. Acta, 
1023-1059. (5) Irving, A.J., 1980, Am. J. Sci, 280-A, 389-426. (6) Jagoutz, 

E., et al., 1980, Nature, 286, 708-710. (7) Bussoff7~G.Y. , 1981, M.S. Thesis, 

Univ. Washington, Seattle. T8) Wendlandt, R.F., and Harrison, W.O., 1979, 

Contr. Mineral. Petrol., 69, 409-419. (9) Jackson, E.D., et al., 1981, U.S.G.S. 
Open File Rept. 81-1031. “DO) Mathez, E.A., and Delaney, J.R., 1981, Earth 
Planet. Sci. Lett., 56, 217-232. (11) Basaltic Volcanism Study Project, 1981, 
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Fig, 1. Comparison of C abundances In water a.id acid-washed splits of 
selected xenoliths. 




Fig. 2. (Top) A magnesite 
crystal on the wall of a 
fluid inclusion in a Iherzolite 
from the Canary Islands. 
Identification is based on 
EDS and WDS characteristic 
x-ray spectra, in which C and 
Mg are the only major elements. 
(Bottom) Calcite and basaltic 
glass (extinct) in a crack 
between two olivine grains in 
a Iherzolite xenolith from 
Salt Lake Crater, Hawaii, 
x-nicols. The glass composition 
is similar to that of the host 
basalt. The carbonate was 
intro-'uced into the xenolith 
:-id is not part of its 
"indigenous" fraction. 
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Fig. 3. C abundances for acid- 
washed xenollths from aUall basalts. 
Unlabelled Hualalal samples are 
dunites. 


— I r 1 

GROUP I LHERZOLITCS 


t \ 


y • 


/ 

/ 

\ • 


•/ 

/ 


/ 


0 10 40 to to 100 Ito 140 Ito Ito 

TOTAL CARBON IN PPM (WT.) 



Fig. 5. Beam scanning photomicro- 
graph of C-x-rays (top), In which 
spot density Is proportional to C 
concentration, over the region shown 
In the reflected light photomicrograph 
(bottom). Sample preparation and 
analytical techniques are summarized 
In (10). 


Fig. 4. Variation of C abundances 
In acid-washed Group I rocks with 
their degree of LREE enrichment. REE 
data are from (5) and (11) on unwashed 
splits. Host rocks Include alkali 
basalts and kimberlites. (X) Kllbourne 
Hole; (•) other localities. 
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THE STRUCTURE OF THE PRIMORDIAL ATMOSPHERE AND THE 
AMOUNT OP GRAINS, H, Mizuno, Carnegie Institution of Washington, 
Department of Terrestrial Magnetism, 5241 Broad Branch Road, N.W., 
Washington, D.C. 20015 

Two topics on the primordial atmosphere will be presented. 
First, the structure of the primordial atmosphere of the earth 
will be described in relation to the dissolution of rare gases. 
The second topic is an attempt to determine the gruin opacity 
which is an important factor to govern the structure. 

According to the theory of planet formation in the solar 
nebula, the primordial atmosphere forms around the earth and has 
significant effects on the initial state of the earth both 
thermally and chemically. One such effect 'is the dissolution of 
rare gases contained in the primordial atmosphere into the molten 
earth material. Numerical calculations show that the amount of 
dissolved rare gases depends on grain opacity in the atmosphere. 
The higher grain opacity gives the less amount of dissolved mass 
(1) . The direct cause of this dependence is that the atmospheric 
pressure is lower in the higher grain opacity model. The 
computations indicate that the lower atmospheric pressure is a 
result of the fact that there exists less gaseous mass in the 
inner region of the atmosphere where the gravity is strong. This 
is explained in the following ways In general the high grain 
opacity lengthens the density scale height which gives a measure 
of density gradient. Moreover the density distribution of the 
primordial atmosphere is smoothly connected to the density of the 
solar nebula at the Hill sphere. Therefore, in the higher grain 
opacity model, we get a lower density or consequently lower 
gaseous mass in the inner region. Thus the high grain opacity 
yields the small mass of dissolved rare gases into the molten 
earth material. 

The grain opacity is an important parameter, as seen above, 
when one considers the structure of the primordial atmosphere. 

How large is the grain opacity in the primordial atmosphere? 

What processes determine it? If there ar© not any sources of 
grains in the atmosphere, the gri?,in opacity has the value of that 
for the solar nebula, that is, the order of 10“*^ cm^/g. This is 
because the primordial atmosphere is composed of the nebula gas. 
However one must not forget a possible source during the 
accretion phase of the earth. Let us consider a planetesimal 
which goes into the Hill sphere from near Lagrangian points. The 
motion of the planetesimal is approximately expressed as 
Keplerian motion around the earth. The gas drag force acting on 
the planetesimal gradually changes the orbital elements of the 
Keplerian motion. For example, the gas drag dissipates the 
energy and the semi-major axis becomes small. Finally it 
collides on the earth and contributes to the growth of the earth. 
While the planetesimal is moving in the primordial atmosphere in 
this way, it sprinkles its own material as grains into the 
atmosphere owing to the large relative velocity between the 
planetesimal and the atmospheric gas and owing to the high 
gaseous density. This process can be a source of grains during 
the accretion phase. On the other hand, the grains sprinkled by 
the planetesimal soon stop the motion relative to the atmospheric 
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gas because of the strong gas drag, and begin to sink toward 
the earth owing to gravity. Hence the sedimentation can be a 
sink of grains in the atmosphere. 

These two mechanisms are acting in opposite directions, 
that is, sprinkle and sedimentation of grains give the actual 
amount of grains in the primordial atmosphere. The qKsential 
parameters to determine the amount are the grain size and the 
fraction of the energy used to separate grains from the gravity 
field of plane tesima Is, Moreover, if a large convective region 
exists, the convective motion plays a role to retain the grains 
in the convective region for a longer time compared with the 
quiet atmosphere. It is found that, in order that the high 
opacity (''^1 cm^/g) is realized, the growth time scale during 
which the grains grow up to about 1 cm in the convective 
region is necessary to be longer than the time scale of 
sedimentation for the grains with the size of 1 cm ('vlO”^ yrs) , 
Reference ; 

(1) Mizuno, H, , Nakazawa, K. and Hayashi, C, (1980) Earth 
Planet. Sci. Lett, 50, 202-210. 
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PLANETARY ABUNDANCES OF VOLATILE ELEMENTS} A DATUM FROM THE 

EARTH’S UPPER MANTLE 

John W. Morgan, U.S. GeologLoal Survey, Mail Stop 911, Reatorv Virginia 22092 

Planetary bulk oompositlon and volatile complement can be examined fYom two 
encto of the evolutlcxiary apectrum, The meteorltea provide evidence of the material 
extant in the early hiatory of the solar ayatem and of the compoaltlonal range of the 
accretionary debria that formed the -planets The accesaible parta of the planets 
reveal the end producta of aocretlonary fractionation and of 4.5 h.y. of planetary 
evolitlon. Recent measure menta of aiderophUe and volatile trace elements in 
terrestrial ultra mafic xenoUths (1-3) provide a fixed point against which to test model 
composlblcHis and conversely may be viewed In terms of the general framework of 
other planets 

Bulk ComnrtwlMon of Terrestrial Planets Estimates of the bulk compositions of the 
terrestrial planets can be made from the basic premise that planetary matter 
condensed from a cooling solar gas under equilibrium conditions (4). Three primary 
components formed sequentially; an early condensate, rich In Ca, Al, and 
refractories; metallic Nl-Fe; and MgsiUcatea Below ~700K, metaland silicates take 
up volatile elements; metal reacts with H 2 S to form a fourth component (FeS) and 
with H 2 O to form FeO that enters the Mg sUlcatea Evidence from the chondrltic 
meteorites suggests that the three primary components became mutually 

fractionated. Before or during accretion some material underwent a brief melting 
episode (analogous to chondruLe formation) during which volatile elements were lost 
from the silicates and FeS was reduced to metal, thus providing two more components; 
remelted silicate and remelted metal Finally, the highly volatile elements which 
were only partially condensed may be assigned to a seventh volatile-rich component 
The elements may be divided into major groups on the basis of volatility, and, as 
members of the groups general^ remain in approximately cosmic proportions^ one 
well-chosen indicator element may represent the whole group. Index elements used to 
calculate bulk compositions of terrestrial planets are sum raarized in Table 1 (5-7). 
The index ratios are chosen because these Incompatible elements are strongly 
correlated in crustal processes^ but the choices are not unique. Ih the Earth, for 
example, Rb/Sr ratios derived ftpom Isotopic systeraatics coiild equally well be used. 
Indicator ratios differ signlftcantly between planets The K/U ratios on Earth and 
Venus are five or six times lower than they are in chondrites;they are even lower in 
smaller planets Indicator ir-atlos show that the more volatile elements are severely 
depleted on the Moon, Mars (and presu mably Mercury). Where T1 abundances have not 
been measured ^eotly, they may be approximated fy*om data fY*om planetary 
atmospheres; Ar^° on Mars (8), or C and N on Venus 


Table 1 Index elenents and ratios for the aaloulation of terrestrial planet oonposltlons 


Component 

^oond^*^^ 

Index 

Mercury 

Venua 

Earth 

Moon 

Mara 

Early oondensate 

>1>I00 

U ppb 

J1 

Ji 

1’l.3 

40 

26 

Metal 

1 1100-1300 

Core % 

6S 

32 

32.4 

~2 

19 

Remelted allloate 

1 1100-1 300 

dirferenoe 






Unremelted allloate 

1300-600 

K/U, 

2000 

10,000 

9440 

1900 

2200 

Volatlle-rtoh material 

<600 

Tl/0 

JLQQJL 

0,27 

0.27 

0.0023 

0.006 

Wustlte (FeO) 

~900-500 

EfiS 

0.03 

SLSil 

0.12 

0.20 

0.23 


(FeO+MgO)* 


Values underlined are poorly determined ■ Weight ratio t Molar ratio 
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Ultra mafio XenoUths In terrestrial ulfcramaflo xenoliths (garnet Iherzolltea 
and spinel Iherzolites) the most uniform and weU-deter mined abundances are those of 
the moderate^ alderophUe elements (2,3): On a C1 chondrlte-normalized basis; Nl, 
0.20±p.02; Co, 0.22iP.02; Ge, 0,027±P.004. The low Ge/Nl of 0.137 1a apparently a 
reasonable reflection of the volatile depletion of the bulk Earth, and is essentlAlV 
identical to the terrestrial model value of Ge/Nl s 0.1 38 (Cl chondrite-normaUzed) 
calculated from entlreV independent aiaumptlcHis (6), Absolute abundances of Nl, Co, 
and Ge in the Earths mantle are significantly lower than calculated bulc estimates 
because significant amounts of these elements reside in the Earth's core It could be 
argued, therefore, that the low Ge/Nl ratio resulta from metal-eUicate fractionation 
during core formation. The argument can be countered by estimating the bulk N1 
content of the Earth ft'om observed mantle abundances by making the model- 
dependent, but cosmochemicalV reasonable assumption that Ge is about as abundant 
as the moderately volatile Uthophile elementa [The assumption seems reasonable 
because the bulk (total Fe)/£iL ratio of the Earth is essentially identical, to the cosmic 
value, Indlcabing little metal-silicate fractionation before or during accretion]. To 
derive a bulk Ni value from observed mantle xenolith abundances^ G e is scaled to Zn (a 
well-determined compatible element) to yield Ni = 1.8 percent; a result in excellent 
agreement with the bulk Earth value of 1.82 percent' derived by model calculation 
(6). Many analysed xenoUths represent depleted manf c which may or may not have 
been metasomatlzed. Sheared garnet IherzoUte PHN 1611 possibly represents a 
sample of mantle that is relatively undepieted and not aerloudy affected by 
metasomatism. Abundances of UthophUe volatile elements in PHN 1611 tend to be 
higher than those in grantOar garnet Iherzolites and spinel IherzoUtes, and more 
uniform when normalized to Cl chondrites The homologous elements Zn (moderately 
volatile) and Cd (very volatile) behave as compatible elements in ultra mafic xenoliths 
and observed abundances agree quite well with the model calculations when 
normalized to Cl ohondritei-; and Si 

Zn Cd The highly chalcophlle elements Se and Te are strongly 
Calculated 0.17 0.018 depleted in mantle xenoliths relative to elements of 

PHN 1611 0.1 4 0.032 similar volatility and ~97 percent of the Eax'th's S, Se, 

and Te may reside in the outer core. A bundances of Te 
in the xenoliths are remarkably constant, and closely resemble the Cl chondrite - 
normalized abundances of such highly slderophlLe elementa as the Pt group metals 
(PGM). The Te/PGM ratiois0.8inPHN 1611 andO.Sinsplnellherzolitea ThePGM's 
were apparently introduced by a late bombardment of the Earth after core formation 
(3,9), and if the observed Te/PG M ratio represents that in the bombarding population, 
then the average composition of the planetesimals may have been as high in volatiles 
as the C2 chondrites^ which contain 8 percent H2O. The late bombardment could then 
supply ~135 ppm HoO, on 15 ppm H. This lower ll.mit may be compared to a calctflated 
value of 33 ppm H (6). 

References: (1) Jagoutz, E., Palme, H., Baddenhausen, H.,Blum, K., Cendales^ M., 

Drelbus, G., Spettel, B., Lorenz, V., and Wanke, H. (1979) Proc. Lunar Planet. Sci 
Conf. IQth. pp. 2031-2051. (2) Morgan, J. W., Wandless; G.A., Petrie; R.K., and Irving, 
A.J. (1980) Proc. Lunar Planet. Sci Conf. 11th. pp. 213-233. (3) Morgan, J.W., 

Wandless, G.A., Petrie; R.K., and Irving; A.J. (1981) Tectonophysics, 75, pp. 47-67. 
(4) Ganapathy, R., and Anders, E. (1974) Proc. Lunar Plan&t. Sci Conf. 5th. pd. 1181- 
1206. S) Morgan, J.W., and Anders; E. (1979) Geochlm. Cosmoohim. Acta, 43, pp. 
1601-1610. (6) Morgan, J.W., and Anders, E. (I960) Proc. NatL Acad. Sci USA, 77, 
pp. 6973-6977. (7) Morgan, J. W., Hertogen, J., and Anders; E. (1978) The Moon and 
Planets, 18, pp. 465-478. (8) Anders, E., and Owen, T. (1977) Science, 198, pp. 453- 
465. (9) Chou, C.-L. (1978) Proc. Lunar Planet Sci Conf. 9th. dp. 219-230. 
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LOSS OF DEEP MANTLE CARBONIC REDUCED VOLATILES DURING N POLARITY, 
STORAGE OF THESE VOLATILES DURING R POLARITY; L. 0. Nicolaysen*, P. W, Day§, 
and A. Uoch’'^ ’*<BPI Geophysics, University of the Witwatersrand, Johannesburg, 
South Africa, 2001 SJones and Wagener, Inc., Bevan Road, Rivonia, Johannes- 
burg, South Africa, 2128 


Recent studies on mantle convection have dealt with the "geochemical model," 
where a primitive undifferentiated lower mantle and an incompatible element- 
depleted upper mantle are large-scale reservoirs which convent separately. The 
model requires an interface boundary layer which acts as a thermal insulator and 
precludes steady heat transfer between the two reservoirs. Episodic heat transfers 
(episodic leaks between the two reservoirs) are required. We propose that poro- 
elastic behaviour occurs in the insulating boundary layer, which we equate with 
the rigid middle mantle or mesosphere of Morgan (1972). Poroelasticity permits 
a simple physical model for episodic leaks between the two mantle reservoirs. 

(The model exploits the solution for the stress changes within a porous elastic 
sphere during consolidation, found by Day, Hoch and Nicolaysen). 


The lithostatic load is supported partially by stresses in the crystalline 
material of the middle mantle carapace, and partially by pressure of its pore 
fluid. An episodic or "two-stroke" deformation cycle, based on build-up and 
release of poroelastic stresses, moves fluids and heat through the carapace. 

Heat is removed from the carapace largely by the transfer of tenuous fluids up 
the hotspot "pipes", i.e., by mantle degassing. 

Poroelastic stresses in the mantle carapace are continuously redistributed to 
the crystallising core. When the carapace is infiltrated and inflated by elas- 
tically stored fluid, the core is subjected to decreasing pressure and it crys- 
tallises slag. When the carapace is deflated, by the escape of elastically 
stored fluid, the core is subjected to increasing pressure and it crystallises 
Fe metal. 


Schloessin and Jacobs (1980) developed a gravity-powered dynamo in which 
alternating crystallisation of metal (inner-core coundary) and slag (mantle-core 
boundary) are responsible for the two alternative polarities of the geomagnetic 
field. Because the episodic mantle degassing system offers a self-consistent 
physics for modulating the mode of solidification of the core, incorporation of 
this dynamo theory into our model offers fine opportunities for observational 
tests. 

For a start, this bistable coupled system accounts for the oscillations and 
rhythms in the magnetic reversal time-scale. Moreover, alternate "strokes", in 
which the hotspots are either storing or leaking deep carbonic reduced volatiles, 
should correlate with the alternating reversed and normal polarity of the geo- 
magnetic field; many published papers report observations consistent with this 
proposition. An accompanying analysis by Nicolaysen shows that polarity-coupled 
degassing helps us to understand important features of the geological record; 

(i) Correlation of eras of polarity bias with faunal eras, (ii) Correlation of 
eras of polarity bias with the phases of the Wilson cycle, (iii) Shock deformation 
and cratering associated with alkaline ultramafic magma eruptions (e.g., Vredefort 
structure), (iv) The evidence that the Mesozoic era was terminated by internally- 
induced cratering event, associated with eruption of alkaline ultramafic magma 
(like the Vredefort Shock I event), (v) The evidence that tektites formed during 
violent escape and detonation of deep mantle carbonic reduced volatiles, and are 
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unrelated to meteorite impact, A short film illustrates the physical principles 
of this two-stroke model for mantle devolatilisation. 


Additional notes on polarity-coupled degassing and the geological record 
(Nicolaysen) ; _ 

Ho;.8pots : 

The present analysis re-examines several important propositions concerning 
the global hotspot discharge rate which were made by Vogt (1972). He first sug- 
gested that there was episodic but globally synchronous discharge from many hot- 
spots. He noted that hotspot discharge fluctuations appear to mirror the histo- 
ries of global geological parameters; faunal extinction and global faunal crises 
were linked to intervals of intense hotspot volcanism, when ecosystems were pol- 
luted by trace elements of hotspot origin. Finally, he concluded that there 
was some connection between intensity of hotspot discharge and reversal frequency 
in the geomagnetic polarity time-scale. Variations in deep mantle plume dis- 
charge rate were believed to correlate with the nature of convection in the 
core. 


Because Vogt was not able to specify the physics responsible for the global 
correlations in the hotspot discharge rat: , his propositions did not receive wide 
attention. The Biot equation solutions for the deformation of a poroelastic man- 
tle carapace supply a quantitative physics for hotspot discharge, which is epi- 
sodic, and in which the stresses and strains may be coupled to the stresses and 
strains of the gravity-powered dynamo. The model is therefore open to many ob- 
servational tests. Correlations between hotspot opaque mineral oxidation state 
and remanent polarity, reported by Wilson and Haggerty (1966) and Wilson and Watkins 
(1967) and others, are accounted for. The model also predicts that certain hot- 
spots should show a Neogene discharge rate which is episodic and broadly corre- 
lated with intervals of normal polarity. The observation that much of the upper 
Cretaceous was a period of sustained kimberlite activity and also widespread ho’t- 
spot and midplate activity in the Western Equatorial Pacific (on the one hand) 
and a lengthy interval of quiet normal geomagnetic polarity (on the other) is 
readily explained. 


Sea Level : 

The Jurassic and Cretaceous intervals of global sea level elevation corre- 
late strikingly with the longest intervals of quiet normal polarity in the Phane- 
rozoic geomagnetic polarity record. Schlanger, Jenkyns and Premoli-Silva (1981) 
demonstrated that upper Cretaceous cumulative mid-plate volcanism played a sig- 
nificant part in the elevation of sea level. Many other workers have suggested 
that increased spreading rates during the upper Cretaceous also contributed to 
elevation of sea leve'' . In the present physics, a cumulative presentation of the 
geomagnetic polarity record is linearly related to the cumulative input of deep 
mantle fluids into the asthenosphere. As predicted by the model, the Phanerozoic 
cumulative polarity record provides a good indicator of Phanerozoic sea level 
changes . 
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The sustained effort to understand and incorporate the main features of 
cryptoexplosions (listed (iii), (iv) and (v) above) arose partly from detailed 
published sediment core logs, which show that the Ries, Australasian and Ivory 
Coast cratering events each occurred at a time which was extremely close (within 
'vlO^ years) to a switch from reversed polarity to normal polarity. In the new 
interpretive framework tensile stresses increase in the inflating poroelastic 
carapace (R polarity), until the instant when it undergoes a puncture. Simul- 
taneously deflation (and a normal polarity interval) begins. Evidently, a tek- 
tite-forming blast occurs when such an internally-generated puncture affects a 
continent-bearing sector of the earth's poroelastic carapace, and a particularly 
violent outburst of volatile-rich material takes place. 


Detailed published geochemical data from sediment cores show that high viag' 
nesia microteUcites were blasted outwards during the Australasian, Ivory Ceast 
and North American cratering events. Evidently, the puncture referred to above 
is achieved by a kimberlite-related deep mantle magma. Although crustal ejecta 
from the ensuing high energy detonation and surficial cratering predominate in 
the ensuing tektites and microtektites, the high Mg-high Al microtektites are 
interpreted as contaminated remnants of the kimberlite-related magma. The sce- 
nario of Crawford (1979), which emphasizes carbonatite-related 'hypervolcanic' 
explosions, is in part consistent with the present framework. 
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EQUILIBRIUM COMPOSITION OF THE MT. ST. HELENS MAGMATIC VOLATILE 
PHASE FROM THE PYRRHOTITE-MAGNETITE ASSEMBLAGE 

B. E. Nordlie, S. E. Thleben, and D. R. Burggraf, 

Department of Earth Sciences, Iowa State University 
Ames, Iowa 50011 

On October 16, 1980, a pyroclastic eruption initiated the sixth major 
eruptive phase of Mt. St. Helens since renewed activity began the preceding 
March. Five eruptive pulses occurred during the period October 16-18; each 
lasted from five minutes to an hour and produced eruption columns which rose 
to a maximum height of 14 km (Christiansen and Petersen, 1981, p. 28). The 
first pulse began at 2158 (PDT) on the evening of the 16th and destroyed the 
lava dome which had developed since the last significant eruption, A sector 
to the southwest of the volcano was blanketed with a light ash fall (Sarna- 
Wojcicki et al., 1981, p. 597). At Cougar, Washington, 15 km SW of the sum- 
mit, tephra from this pulse accumulated initially as pumice lapilll and later 
as lithlc- and pumice-rich crystal ash. 

Approximately 15 minutes after the beginning of the October 16 pyroclas- 
tic eruption, dacltlc pumice lapilli began to fall on the Cougar area. For 
several hours after the end of the lapilli fall, lithic- and pumice-rich 
crystal ash accumulated to a mass concentration of 0.014 g/cm^, which was 
collected on a planar aluminum sheet of about 3.3 area for 9% hours after 
the eruption began. Zoned intermediate plagioclase fragments, which are the 
majority of the crystal fraction, commonly include isolated or concentric 
micro-laminae of glassy melt inclusions. Of lesser abundance in the crystal 
fraction are quartz, enstatite, hornblende, magnetite, biotite, ilmenite, and 
a Fe-Cu sulfide phase. 

The coexistence of the sulfide and oxide phases is significant for the 
present study because the equilibrium formation of these minerals requires 
known fugacities of S 2 and O 2 , respectively, in the magma. This, in turn, 
sets the fugacities of these species in the volatile phase. The specific 
values of these fugacities versus temperature are dependent upon the actual 
compositions of the two mineral phases within their possible solid solution 
ranges . 

SEM and polished section examinations of the sulfides show that the 
grains are composed of two phases, with the minor phase occurring as exsolu- 
tion lamellae and overgrowths. Electron microprobe analyses (Fig. 1) give a 
range of compositions which include a host, end-member pyrrhotite (Fo) phase 
containing about 2% Cu, and a minor, end-member phase with a composition near 
cubanite. Intermediate compositions in Fig. 1 result from the inability of 
the microprobe to distinguish the intergrown phases in some areas. The Po 
end-member composition varies from 37.4 to 38.0 wt. % S. 

Magnetite (Mt) grains from the October 16 ash are essentially homogeneous 
and microprobe analyses give an average composition of 78.88 wt. % FeO and 
10.06 Wt. % Ti02* This composition is nearly identical to the average for 
magnetites analyzed by Melson and Hopson (1981) for tephra from earlier erup- 
tions of Mt. St. Helens. Based upon this agreement, the O 2 fugacity ver.sus 
T°C determinations of Melson and Hopson from coexisting magnetites and ilmen- 
ites are used in the present study. 
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Molecular equilibrium calculations In the C-O-H-S gaseous system were 
carried out using the method of Nordlle (1971) . The results were applied to 
determine: 1) all bulk gas atomic compositions which can be in equilibrium 

with the Po~Mt assemblage of the October 16 ash; 2) the abundances of the 
15-20 most Important molecular species and their variations within the field 
of allowed bulk compositions; 3) the total pressures of the volatile phase 
throughout the bulk composition field. 


A limited range of possible S2 fugacitles is given by the measured range 
of Po compositions (Toulmln and Barton, 1964) . The possible range of O2 
fugacity Is taken from Melson and Hopson (1981) ; near llquldus jnagmatic tem- 
peratures are also given In this paper. The required fugacitles of S2 and O2 
are two constraints which equilibrium volatile molecular compositions must 
satisfy. Two additional constraints were selected in order to bracket reason- 
able expected properties of the Mt. St. Helens magmatic volatiles: 1) only 

those atomic bulk compositions which yield equilibrium contents of 80% H2O or 
greater were considered, since no evidence exists for a volatile phase with 
lower H2O; 2) atomic C/S was limited to the range 2.0 to 6.0, which brackets 
measured values in the fume clouds just before and during eruptions (Fig. 2). 
An initial working temperature of 1050“C was used to anchor computations for 
all bulk compositions at a common point, so that the changes in molecular 
compositions with temperature of each bulk composition could be compared. Log 
O2 fugacity (oxidation) limits at 1050"C are -9.5 and -10.0. Total pressure 
was allowed to vary as dictated by those equilibrium compositions which sat- 
isfy the above constraints. Calculations were made over the temperature range 
1250“C to 650“C to assess higher and lower temperature properties of each bulk 
composition. 


The allowed bulk atomic compositions in equilibrium with the Po-Mt assem- 
blages are severely restricted to a small region of the C-O-H-S tetrahedron. 
Figure 3 shows two lines which include all of the allowed compositions on the 
C/S = 6.0 plane of the tetrahedron at the upper and lower limits of possible 
O2 fugacitles. All possible bulk compositions fall within these two limits. 

A series of computations for fixed C/S values between C/S « 2.0 and C/S <=6.0 
define two planes in the C-O-H-S tetrahedron between which the Mt. St. Helens 
bulk compositions must lie (Fig. 4). 

A projection of either of the planes in Figure 4 to the C-H-3 base of 
the tetrahedron provides a useful display of the total pressures of the vola- 
tile phase over the allowed compositional range (Fig. 5). Total pressures are 
low for most compositions and correspond to Po-Mt formation under conditions 
just beneath the floor of the St. Helens crater. High pressures are possible 
only in very sulfur-deficient compositions near the C-H side of the diagram 
(C-O-H face of the tetrahedron) . 

Figure 6 shows how O2 fugacitles of equilibrium molecular coraposiv*'.ions 
change with decreasing temperature. Lower temperature O2 fugacitles, for all 
bulk compositions which satisfy the upper O2 fugacity limit at 1050®C, fall 
between the upper two curves. Similarly, O2 fugacitles for all possible bulk 
compositions satisfying the lower O2 limit at 1050“C fall between the lower 
two curves. Thus, the O2 fugacity changes follow the trend of the data points 
of Melson and Hopson and, taken together, the equilibrium O2 fugacitles 
bracket these data. It should be emphasized that the lower temperature fugac- 
ity changes shown are independent of the Po-Mt assemblages. The volatile 
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phases are forced to be In equilibrium with the assemblage at 1050**C, and the 
curves show how O 2 fugacltles change when this requirement is removed and the 
temperature is decreased. The resulting relationships indicate two viable 
conclusions: 1) the St. Helens volatile phase buffered the magma and con- 

trolled the mineral phase compositions; 2) since the cooling volatiles inde- 
pendently follow the same trends that would be followed if the volatile phase 
composition were controlled by mineral buffers in the magma, the magma could 
be the buffering agent, and little or no change of composition of the volatile 
phase needs to take place to maintain equilibrium. Although the data do not 
dictate which possibility should be chosen, the extensive degassing that prob- 
ably occurs at very shallow depths (low total P) could create a large enough 
volatile volume for the volatile phase to be the buffering agent. 

Figure 7 shows changes in S 2 fugacity which correspond to the ©2 fugacity 
changes of Figure 6. The required S 2 fugacity for the highest temperature Po 
composition (37.4 wt. %) was used in conjunction with the required lower O 2 
fugacity at 1050®C. As an example alternative possibility, an S 2 fugacity 
0.5 log units higher was used in conjunction with the upper O 2 fugacity limit. 
In effect, this maintains S 2 /O 2 at the same value for the two O 2 fugacity 
limiting cases. In either case, the change of S 2 with decreasing temperature 
is such that it crosses the range of measured Po compositions and shows that 
the various pyrrhotltes in the ash could have formed simultaneously with the 
range of varying Fe-Ti oxide compositions shown in Figure 6. The alternatives 
of either the magma or the volatiles acting as the buffering agent also 
apply to the sulfide phase. 

An additional application of Figures 6 and 7 is to consider the two 
fugacity limits as the effect of different total pressures. The equilibrium 
$2 and O 2 fugacities of the lower oxidation limit could be translated to those 
of the upper oxidation limit by an increase in total pressure of 0.5 log 
units. Equilibrium proportions of all molecular species would remain the same 
(assuming ideal gas behavior) , although all partial pressures would increase 
by 0.5 log units. The difference in the two "oxidation” limits can, there- 
fore, be the result of variations in total pressure rather than differences in 
composition. A variety of paths could be drawn between the limiting curves of 
Figures 6 and 7 to show a total pressure decrease or increase during cooling 
and could explain the measured compositional ranges of pyrrhotite and Fe-Ti 
oxides . 

Figures 8 and 9 show the equilibrium molecular compositions of two bulk 
atomic compositions which are at extreme ends of the allowed composition field. 
Only the most abundant gas species are shown. H 2 O dominates both examples, 
reflecting the high hydrogen content of all possible compositions (Figs. 3 and 
4). SO 2 and H 2 S contents vary with both composition and temperature. Bulk 
compositions with relatively high S and low H have molecular compositions in 
which SO 2 dominates the sulfur-containing species. Bulk compositions with 
high H cont(ints (high H 2 O) are dominated by H 2 S at low temperatures; however, 
this is reversed at magmatic temperatures where SO 2 is most abundant. 

These relationships may explain the differing results obtained in gas 
collections from Mt. St. Helens. Samples have been analyzed in which either 
SO 2 or H 2 S is the most abundant sulfur gas species. Some researchers have 
assumed that H 2 S is dominant in the magmatic gas on the basis of H 2 S dominated 
gas collections from sources with temperatures near 800“C. Figures 8 and 9 
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show that such samples have compositions which have ’’quenched” at sub-magmatlc 
temperatures, and they may give an erroneous Indication of magmatic composi- 
tions . These samples may all have been dominated by SOj when closely associ- 
ated with the St. Helens magma. ^ 
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Figure 1. Microprobe analyses of sulfide grains from the October 16 Mt. St. 

Helens ash. Data points are Individual analyses of end-member and 
mixed phases; shaded fields Include all analyses of single mineral 
grains. End-member Cu-deflclent phase is pyrrhotlte ranging from 
37.4 to 38.0% S and containing approximately 2 % Cu. Intermediate 
solid solution (ISS) and monosulfide solid solution (MSS) fields 
for temperatures indicated are superimposed on data. 



Figure 2. C/S measured in fume clouds above Mt. St. Helens from August to 
December, 1980. Measurements determined SO 2 and CO 2 in tons/day; 
the original data are restated as moles and are combined. Dashed 
lines show G/S compositional limits used in this paper; values were 
chosen to bracket measured values prior to and during eruptions. 
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Figure 3. C/S - 6.0 plana of C-O-H-S bulk composition tetrahedron. Lines 

labeled "upper*' and "lower" fp, limit Include all bulk compositions 
which satisfy compositional ana equilibrium constraints at these 
limits at 1050®C (see text) . 


o 



Figure 4. C-0-H*-S bulk composition tetrahedron. Heavy lines show composition 

constraints established for this study (H 2 O greater than 80% by 
voluisie, G/S " 2.0 to 6.0). Small solid planar volume represents 
the two planes (upper and lower O 2 fugacity limits) which bracket 
all possible atomic bulk compositions. The two planes were gener^ 
ated by a series of sections similar to Figure 3. Upper dashed 
lines show the extension of the solid plane and Indicate domiitauion 
of molecular compositions by oxidized species H 2 O, C02» SO 2 . Dashed 
lines on tetrahedron base show projection of small solid plane to 
G“H“S plane. 
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Figure 5. Expanded projection of allowed bulk composition plane of Figure 4 
onto C-H-S base of bulk composition tetrahedron. Total volatile 
phase isobars Indicated between C/S -2.0 and C/S - 6.0 limits. 
Total pressures are as required for equllbrlum molecular composi- 
tions which satisfy all required constraints at 1050®C. 



Figure 6. Log oxygen fugacity versus temperature for Mt. St. Helens volatiles. 
Data points are for coexisting magnetites and llmenites of pre- 
October 16 ash deposits. Upper and lower O 2 fugacity limits at 
1050®C are required conditions for equilibrium volatile phases; 
values were selected so that calculated values at lower tempera- 
tures bracket Mt-Il data. The two upper limit curves Include cal- 
culated equilibrium fugacity values of all possible atomic bulk 
compositions which yield upper limit O 2 fugacity at 1050®C. Two 
lower limit curves include all values of lower limit bulk composi- 
tions. 
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Figure 7. Log sulfur fugacity versus temperature for Mt. St. Helens volatiles. 

Po ■ 38.0 and 37.4 curves ar« S 2 fugacitles required at equilibrium 
with extremes of measured Fo compositions (Toulmln and Barton, 

1964) . Upper and lower O 2 fugacity limit values at 1050°C are 
established volatile phase requirements which correspond to 1050**C 
values of Figure 6. Upper and lower limit pairs of curves Include 
lower temperature S 2 fugacitles of all possible atomic bulk compo- 
sitions which satisfy lOSO^G requirements (same bulk compositions 
as those of Fig. 6). 



Figure 8. Molecular equilibrium composition of typical volatile phase with 
relatively low H and high S contents* Total pressure set at one 
bar for comparison with Figure 9 and analyzed collections. Log gas 
species pressures given in bars. Marked values (X) show calculated 
values which equal analyzed amounts in gas collections obtained at 
one atmosphere total pressure. ''X-' values indicate temperatures at 
which gas collection compositions are quenched. 



... -3«i 


130 


MT. ST. HELENS MAGMATIC VOLATILE PHASE 
Nordlie, B. E. et al. 


original PAGEJ3 



Figure 9. Molecular equilibrium composition of typical volatile phase with 
relatively high H and low S contents. Total pressure set at one 
bar for comparison with Figure 8 and analyzed collections. Log gas 
species pressures given In bars. Marked values (X) show calculated 
values which equal analyzed amounts In gas collections obtained at 
one atmosphere total pressure. "X" values Indicate temperatures at 
which gas collection compositions are quenched. 
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HEAT AND VOLATILE TRANSPORT IN PLANETARY INTERIORS 

Richard J. O' Connell » G. A. Houseman. Department of! 

Geological Sciences, Harvard University, Cambridge, 

Massachusetts. 

B. H. Hager. Selsmologlcal Laboratory, California 

Institute of Technology, Pasadena, California 

I'he transport of volatiles within the earth is closely related tr, heat 
transport. Thermal convection In the mantle determines large scale mass 
transport In the interior, and diffusing volatile species should mimic 
conductive heat losses near the surface. Most of the earth's present day 
heat loss is associated with magmatic transport of heat at mid-ocean ridges; 
this process should dominate volatile transport as well. Since the solid 
state diffusivltles of moot volatiles are lower than the thermal dlffuslvity, 
diffusive transport of volatiles should be slow, and volatile transport 
should be dominated by motions of volatile rich fluid phases, which may 
result in a relatively higher effective dlffuslvity. 

Volatile losses at ridges can be modelled from simple 
numerical convection models that Include lithospheric plates. The resulting 
transport depends on the pattern of thermally driven interior motions that 
bring material close enough to the surface beneath a ridge for partial 
melting, and volatile loss, to occur. At the present rates of plate 
motions, it would require nearly 5Gy to move the entire mantle through a 
zone 100 km beneath the mld'ocean ridges. This suggests that a substantial 
fraction of the original volatile inventory has not been lost. If the 
upper and lower mantle are separated and have non-mixing convection patterns, 
then volatiles, and heat, must traverse an internal conductive boundary 
layer to escape the lower mantle. Parameterized convection models can be 
used to estimate the relation between effective volatile diffuslvities 
and transport across this boundary. Unless volatile diffusivltles are 
comparable to or greater than thermal diffusivltles, or direct transport 
of fluid phases occurs across the boundary, volatile loss from the lower 
mantle is small. 
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CURRENT COMPOSITIONS OP PIANETARV ATMOSPHERES. Tobias Owen, 

Dopt. of Earth and Space Sciences, State Univ. of Now York, Stony Brook, 

New York U794 

The successes of Venera 13 and 14 at Venus and Voyagers 1 and 2 at 
Saturn have led to improved spacecraft data on the composition of the atoms - 
pheres of Venus, Saturn, and Titan. These new results can be compared with 
previous work on these objects and with other studies of Mars and Jupiter. 

We do not yet have observations from spacecraft of Ursnus, Neptune, Pluto, 
emd Triton, but ground-based and near-Earth observations give us a prelimin- 
ary indication of atmospheric composition for these bodies. It is already 
clear, for example, that the atmospheres of Uranus and Neptune have d.^fferent 
compositions from those of Jy^iter and Saturn msd from each other. We still 
need more information about Jupiter and Saturn to see how similar their at- 
mospheres are and how closely their compositions reflect abundances that 
existed in the primordial solar nebula. Isotopic data will bo helpful in 
this discrimination, but available values for D/H sind ^^C/^^C are not com- 
pletely consistent. Titan offers us an evolved, reducing atmosphere in 
which some of the chemistry may resemble reactions on the primitive Earth. 

The origin of that atmosphere seems tied to the formation of clathrato 
hydrates. This mechanism may also contribute to the incorporation of vola- 
tiles in comets, which may in turn provide a pathway for bringing material 
from the outer solar system to the inner planets. 

In the inner solar system, we are seeking to determine just how similar 
are the volatile inventories of Mars, Venus, and Earth. Rough agreement 
between the atmospheric C and N on Venus with estiinvatos of outgassed quanti- 
ties of these elements on Earth has led in the past to the expectation of a 
common source of volatiles for all the inner planets. Viking studies of the 
atmosphere of Mars appeared consistent with this hypothesis although this 
smaller planet has evidently experienced much less outgassing than its larger 
neighbors. Isotopic information on Martian gases includes a high value of 

attributable to escape of nitrogen and high ^^®Xe relative to terres- 
trial xenon. The recent discovery of a non-planetary pattern in the noble 
gases in the atmosphere of Venus requires a modification of the common 
reservoir hypothesis. Some local process has evidently enriched the neon and 
i rgon in that planet's atmosphere compared with the relative abotidances found 
on Earth and Mars. However, the large amount of primeval water on Venus 
implied by the huge enricliment of deuterium in the present epoch suggests 
that distant sources did contribute volatiles to the planet. These sources 
may again represent the common reservoir, or there may simply be no common 
reservoir. 

A large step toward the resolution of those ambiguities could be made 
by a coordinated set of atmospheric probes and missions to comets. We may 
hope for considerable progrer.s from planned investigations of Halley's Comet 
(Giotto, Vega) and the atmosphere of Jupiter (Galileo) . 
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INTERRELATIONSHIPS OP VOLATILE HISTORY, THERMAL EVOLUTION, AND TECTONICS IN THE 
TERRESTRIAL PLANETS, R. J, Phillips, Lunar and Planetary Institute, Houston, 

Texas 77058 and Department of Geological Sciences, Southern Methodist 
University, Dallas, Texas 75275. 

The interrelationships of volatile history, thermal evolution, and 
tectonics in the terrestrial planets are discussed here under three major 
themes: viscosity, the effects of volatiles on tectonics (particularly seafloor 

spreading), and the implications for outgassing of ‘*^Ar for the tectonic 
evolution of a planet. Below, each of these concepts is discussed. 

I. Viscosity 

Viscosity has a profound effect on the tectonics of a planet. In turn, 
given that volatiles might have a strong influence on the activation energy for 
viscous creep, a potentially strong link exists between volatiles and tectonics. 



FIGURE 1 


Figure 1 illustrates several effects of viscosity on the tectonics of a 
planet. It is well-known that viscosity modulates convection in the mantles of 
the terrestrial planets. This is seen in a simple differential equation for the 
temperature history, T, of a convecting mantle, given by Turcotte and Schubert 
( 1 ): 


IT 

dt 




( 1 ) 


where X is the average decay constant for the mixture of radioactive isotopes in 
the mantle, R is the universal gas constant, and E is the activation energy for 
viscous creep. Viscosity also has a direct effect on the descent rate of 
subducted lithospheric slabs in seafloor spreading. 

The thicknesses of the thermal and elastic lithospheres are also controlled 
by viscosity, and in fact are both defined to be regions of low creep strain. i 

The outer part, the elastic lithosphere, is able to transmit and maintain | 

elastic stress over long intervals of geologic time, while the lower thermal | 
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the terrestrial planets. This is seen in a simple differential equation for the 
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dT 

dt 




( 1 ) 


where A is the average decay constant for the mixture of radioactive isotopes in 
the mantle, R is the universal gas constant, and E is the activation energy for 
viscous creep- Viscosity also has a direct effect on the descent rate of 
subducted lithospheric slabs in seafloor spreading. 

The thicknesses of the thermal and elastic lithospheres are also controlled 
by viscosity, and in fact are both defined to be regions of low creep strain. ^ 

The outer part, the elastic lithosphere, is able to transmit and maintain I 

elastic stress over long intervals of geologic time, while the lower thermal I 
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portion will relax elastic stress but still remains an integral part of the 
lithosphere. The semi-rigid to rigiu behavior of the outer region of the Earth 
is, of course, an essential feature of plate tectonics. 

The height of topography is often controlled by the thickness of the 
lithosphere, particularly in the absence of significant active horizontal 
stress, such as that associated with ongoing continental collision. Most 
topography exists in an isostatic state, for which the maximum shear stress 
imparted to the interior is directly proportional to topograpic height. The 
strain rate for viscous creep can be expressed as 

e « A 0 %xp [-(E + pV)/RT] (2) 

where A is a constant, a is deviatoric stress, p is lithostatic pressure, and V 
is activation volume. One measure of finite strength of a material is that it 
have low strain rate (high viscosity) over geologic time. Isostatic support 
implies a state of finite strength (or elastic, not viscous, behavior). Thus 
equation (2) and the isostatic stress state imply that the strain rate is 
proportional to the nth power of the topographic height and there is some 
limiting topographic height such that the strain rate is high enough to preclude 
isostatic support. There is also some temperature T which leads to a critical 
strain rate and thus defines a maximum depth of possible isostatic compensation. 
This depth could encompass the entire thermal or elastic lithosphere or it could 
be at some intermediate depth such as the crust-mantle boundary. The thermal 
lithospheric thickness, t.^^ , may be taken as a convenien t measure of maximum 
topographic height possible under isostatic conditions because the base of this 
layer is defined to be an isotherm, T|.|^ (say 1600 K) . Then the temperature 
gradient, which dictates the temperature and thus the strain rate of any given 
depth, is to first approximation inversely proportional to lithospheric 
thickness. With simple Pratt isostasy, lithospheric thickness is a direct 
measure of maximum topographic height. 

It has been suggested (2) that activation energy and volume can be directly 
related to melting temperature, T^ , via 

aT^ = (E + pV)/R (3) 


where a is a constant. If this relationship is true, then the vast amount of 
information relating melting temperature of rock to volatile content can be 
transferred directly to the effects of volatiles on viscosity. It can also 
easily be shown (1) that the temperature in the convecting mantle is related to 
the zero-pressure melting temperature, Tjj^^^jby 


dt 


t2 


"aT 


mo 


(4) 


A number of authors (e.g., 3,4,5,6,7,8,9,10) have reported creep laws for 
single crystals and rocks, under both wet and dry conditions. In general, the 
activation energies are lower in the wet samples, indicating lower viscosities, 
and casting aspersions of validity on equation (3). The effect of water on 
lowering the melting points of minerals is clearly an atomic phenomena; i.e., 
water effects the strength of crystalline bonds. However, Justice et (1.1), 
on the basis of carefully controlled laboratory experiments, report that: 
"Single crystal deformation experiments demonstrate no loss in strength for 
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single crystal olivine specimens deformed in 'wet' relative to 'dry' 
experimental environments." Chopra and Patterson (12) find that dunites are 
weaker under wet conditions than dry conditions, but that the weakening effect 
is mainly in the grain boundaries, and that grain boundary sliding is probably 
significant under wet conditions. They conclude that: "Water weakening does 

not appear to be associated with hydrolytic weakening within the olivine 
grains," in agreement with Justice al ^ (11). 

Summary 

A. Viscosity profoundly affects tectonics. 

U. Water weakens rock, lowers viscosity, and thus has a strong effect on 
tectoitics , 


C. The wa*,er weakening effect appears to be associated with grain boundaries 
and not with hydrolytic weakening of crystals. 


D. The physical basis of relating activation energy to melting temperature 

d oscoupg nir /.i.l uHan \»n1 a »• i 1 oc aya •> \rofl 


E. The tectonics of a planet and the history of water and other volatiles must 
be considered simultaneously. 


II. Effects of Volatiles on Seafloor Spreading 

Figure 2 illustrates the effects of volatiles on seafloor spreading and 
subduction. This is a particularly important issue when considering the case 
for thi? type of tectonics on Venus. 
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FIGURE 2 


An atmospheric greenhouse raises the surface temperature, Tq, of a planet: 
some several te/ns of degrees on Earth and several hundred degrees on Venus. The 
surface temperature, in turn, has a strong effect on the buoyancy of the 
lithosphere, an important variable in the subduction process. If Venus and 
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Earth have the same concentration of heat sources, then they will evolve to 
about the same interior convecting temperature (13) despite the differences in 
their surface temperature (Venus ^<750 K, Earth 'v273 K). Thus, compared to 
Earth, the mean temperature of the venusian lithosphere will be greater, and the 
density less (for equivalent composition), due to the effect of thermal 
expansion. Since the base of the lithosphere is defined by an isotherm, it is 
clear that the higher surface temperature of Venus also leads to a thinner 
lithosphere. The total elevation difference between ridge crest and ocean 
basin, hj., depends directly on lithospheric thickness, t£_, and, because of 
isostatic considerations, also is a function of the density of the overlying 
material (e.g., ocean). Ridge push forces, , due to the potential energy of 
the ridge above the basin, may be important to the initiation of subduction. 

F{( is proportional to the products of hp and tj^ and thus depends on t^ (14). 
Taking into consideration the thinner lithosphere on Venus implies that F on 
Venus may be about half that of Earth (15). 

Plate motion on Earth appears to be neither helped nor hindered by coupling 
to the underlying mantle (e.g., 16,17). That is, the lithosphere is likely 
uncoupled and this takes place at the asthenosphere, which is a low viscosity 
zone. This may be due to the presence of water, so if water has been outgassed 
fro'sd Venus and not returned (no ocean storage), then Venus may not have an 
asthenosphere. It is possible, however, that there is a weak viscosity minimum 
in the upper mantle of the Earth even in the absence of water, due to the 
behavior of the geotherm (e.g., 1). 

Bending of a plate into a trench is resisted by the elastic strength of the 
lithosphere (i.e., flexure). Since viscosity controls the thickness of the 
elastic lithosphere, which in turn determines the flexural rigidity, subduction 
is affected by the volatile influence on viscosity. Subduction at trenches is 
also resisted by the shear stress on the fault plane at the subduction trench. 
McKenzie (14) suggests that the low value of shear stress ('^'100 bars) on Earth 
is due to the presence of water and the lack thereof could lead to a different 
tectonic style on other planets. 


Summ ary 

A. The sti'ongest effect of volatiles on the tectonics of a planet may have to 
do with modulation of the surface temperature by the atmosphere. 

B. The direct effect of water on terrestrial seafloor spreading may be 
important in lithospheric uncoupling, and in flexure and thrust faulting at 
the trenches. 


III. Tectonic Implications of Outgassing 


The '^Ar Venus-Earth ratio of 0.25 has a number of alternate explanations, 
none provable. Since *^°Ar is a decay product of one explanation is that 

Venus is depleted in potassium relative to the Earth. This seems unlikely based 
on both cosmocheraical arguments and the Earth-like (crustal) values of the K/U 
ratio measured by the Venera spacecraft on the surface of Venus. A second 
explanation is that in order for '*°Ar to diffuse effectively out of the interior 
of a planet, the potassium must be differentiated toward the surface (e.g., in 
the formation of crust). Thus the ^^Ar ratio could imply that Venus is less 
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differentiated than Earth. A third possibility is that ^°Ar transport in the 
interior of a planet is dominated by stlid state diffusion, which is much lower 
than thermal diffusion. While this certt.!nly may be true for crystal diffusion 
diffusivities could be much higher for rocks, where one might expect grain 
boundary diffusion to dominate. If ‘‘^Ar diffusion is much lower than thermal 
diffusion, then the only way to efficiently remove ‘♦^Ar is in a fluid phase 
(18); e.g., magma transport to the raid-ocean ridges most likely accounts for 
most of the ‘*®Ar loss from the interior of the Earth. Therefore, a third 
explanation of the ^*^Ar: ratio is that much less magma has been brought to the 
surface of Venus compared to Earth. This is consistent with the hot spot 
tectonic hypothesis for Venus (15,19). Under this scenario, most of the heat 
delivered to the surface is by localized hot spots; i.e., diffusion across thin 
thermal boundary layers (with high thermal gradients). The Hawaiian swell is a 
good example of a terrestrial hot spot, but on Earth most of the heat is 
delivered by magma at the raid-ocean ridges as part of the seafloor spreading 
process . 


Summ ary 


A. We cannot really decide conclusively between the alternative hypotheses for 
the Venus-Earth ^'®Ar ratio of about “v 0.25. 

B. More data would help. 
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Except for gases implanted during direct exposure to the solar wind, 
trapped primordial noble gases in meteorites occur in a characteristic and 
well-known elemental abundance pattern designated the "planetary" pattern. 
The planetary pattern appears in most meteorite classes and characterizes 
elemental composition across at least 3-4 orders of magnitude variation in 
total abundance. Several models for the trapping mechanism and the genera-* 
tion of the planetary pattern have been advanced, but none are compelling. 
Nevertheless, in the absence of contrary evidence it is reasonable to 
expect that noble gases in the major terrestrial planets, e.g. the earth, 
should have an origin similar to that for meteorites and should thus occur 
in planetary proportions. 

The meteorite analogy thus suggests that if noble gases in the earth'^s 
atmosphere account for most of the total terrestrial inventory, or at least 
represent an unbiased sample, they too should occur in the relative abun- 
dances of the planetary pattern. The gases Ne, Ar, and Kr conform to this 
expectation quite well, and furthermore their total atmospheric abundances, 
per unit mass of the earth, fall within the range observed in meteorites. 
The atmospheric abundance of He is very much lower than extension of the 
analogy suggests, but this is understandable and does not weaken the anal- 
ogy because He escapes from the atmosphere on a geologically short time 
scale. The abundance of Xe in air is also significantly lower, by a factor 
of about 23, than the analogy suggests, and in this case no straightforward 
excuse is evident . 

A number of views concerning this apparent underabundance of Xe are 
possible. One is that the analogy with meteorites does not apply, and that 
the underabundance reflects basically different origins for Xe in the earth 
and meteorites; this position could also be argued on the basis of prom- 
inent isotopic differences between terrestrial and meteoritic Xe which have 
never been satisfactorily explained. A second is that the atmosphere is 
not an unbiased sample, and that Xe has been degassed from the solid earth 
into the atmosphere with a much lower efficiency than have the other gases. 
Both these views have interesting ramifications, the first for the origin 
of v-he earth and the second for its overall chemical evolution. 

A third view is that the apparent underabundance is only apparent, 
i.e. that Xe in planetary proportions was indeed degassed into the atmo- 
sphere, but because of its interactions with sediments most of it has not 
remained in air. The possibility that most of the atmosphere's Xe was sub- 
ducted in sediments warrants attention, but the usual variant of this 
"shale hypothesis" is that the appareiktly missing planetary Xe is still in 
the generalized atmosphere, but mostly in extant sediments, specifically 
shales, rather than in air (1,2). This view seems to have been widely 
adopted as the consensus explanation of the Xe underabundance problem. 

The shale hypothesis has been challenged (3-5) on the grounds that 
neither the previously applied arguments (1,2), nor experimental results 
subsequently obtained, justify the conclusion that extant shales contain 
enough Xe to bring the atmospheric inventory up to planetary proportions. 
The reasoning is straightforward. The average Xe concentration needed for 
the estimated 10 g of extant shale to account for this much Xe is higher 
than that found in any sedimentary rock so far. The distribution of avail- 
able data in fact suggests that the inventory of Xe trapped in sediments is 
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about an order of magnitude smaller than the air inventory. This assess** 

ment is not conclusive since not all potentially important reservoirs or 
rock types have been surveyed, but the hypothesis that sedimentary rocks 
account for the missing planetary Xe must be argued in spite of rather than 
because of available data. 

All of the available data are normal trapped gas measurements, and all 
of them involve days to months of exposure to laboratory vacuum grior to 
analysis, usually with a day or more at temperatures around 100°C. It 
could be argued that such analysis grossly underestimates natural gas con- 
centrations because most gas is very "loosely bound" - roughly speaking, 
merely adsorbed rather than trapped - and is lost during this vacuum expo- 
sure. 

This possibility may be addressed by consideration of the extent of 
physical adsorption of Xe or shales. Available data suggest that Xe 
adsorbed on shales, in equilibrium with modern air, quite possibly makes a 
bigger contribution to the inventory than Xe trapped in the same shales, 
perhaps even makes a substantial contribution to the atmospheric inventory, 
but appears rather unlikely to make a big enough inventory contribution 
raise atmosphere Xe to the planetary level (5). Another qualification 
arises, however, in the suggestion (5) that Xe migration in shales might be 
so slow that laboratory measurements of physical adsorption also greatly 
underestimate the amount of Xe adsorbed on shales in nature. 

These and other ambiquities about how much Xe is actually present in 
sedimentary rocks in nature can be greatly reduced by a modified experimen- 
tal procedure now in use in this laboratory. The key step is sealing rock 
samples In air, with minimal alteration from their natural state, and not 
breaking the seal until all gas in the sample can be collected for 
analysis. In our procedure the samples are enclosed in close-fitting A1 
capsules sealed by pressure on an In gasket. Subsequent mass spectrometer 
analysis of capsule and contents yields the total gas content of the sample 
with no intervening loss in the vacuum system and without regard for the 
physical reasons for the presence of the gas. Preliminary results of such 
experiment and their relevance to the Xe inventory problem will be 
presented. 
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NOBLE GASES IN PLANETARY ATMOSPHERES: IMPLICATIONS FOR THE ORIGIN 

AND EVOLUTION OF ATMOSPHERES. James B. Pollack and David C, Black, Space 
Science Division, NASA /Vnes Research Center, Moffett Field, CA 94035 

The radiogenic and primordial noble gas content of the atmospheres of 
Venus, Earth, and Mars are compared with one another and with the noble gas 
content of other extraterrestrial samples, especially meteorites. The four- 
fold depletion of ^^l\r for Venus relative to the Earth Is attributed to 
the outgassing rates and associated tectonics and volcanic styles for the two 
planets diverging significantly within the first billion or so years of their 
history, with the outgassing rate for Venus becoming much less than that for 
the ?:*arth at subsequent times. This early divergence in the tectonic style 
of the two planets may be due to a corresponding early onset of the runaway 
greenhouse on Venus. The sixteen-fold depletion of for Mars 
relative to the Earth may be due to a combination of a mild K depletion for 
Mars, a smaller fraction of its interior being outgassed, and, to an early 
reduction in its outgassing rate. Based on the observed present day flux of 
^He from the Earth's interior and the content of the atmosphere, 
we estimate that the current outgassing rate of 40/\r is sdjout 7% of its 
time averaged value. Venus has lost virtually all of its primordial He and 
some of its radiogenic He. The escape flux of He may have been quite sub- 
stantial in Venus' early history, but much diminished at later times, with 
this time variation being perhaps strongly influenced by massive losses of 
Hg resulting from efficient H 2 O loss processes. 

Key trends in the primordial noble gas content of terrestrial planetary 
atmospheres include (1) a several orders of magnitude decrease in 20f^e 
and 3^r from Venus to Earth to Mars; (2) a nearly constant 20f^je/36/\P 
ratio which is comparable to that found in the more primitive carbonaceous 
chondrites and which is two orders of magnitude smaller than the solar ratio; 
(3) a sizable fractionation of Ar, Kr, and Xe from their solar ratios, al- 
though the degree of fractionation, especially for 36/\p/132xe, 
seems to decrease systematical ly from carbonaceous chondrites to Mars to 
Earth to Venus; (4) and large differences in Ne and Xe isotopic ratios among 
Venus Earth, meteorites, and the Sun. Explaining trends 2; 2 and 4; and 1 
pose the biggest problems for the solar-wind-implementation, primitive atmo- 
sphere, and late veneer hypotheses, respectively. 

It is suggested that the grain-accretion hypothesis can explain all four 
trends, although the assumptions needed to achieve this agreement are far 
from proven. In particular trends 1, 2, 3, 4 are attributed to large pres- 
sure but small temperature differences in various regions of the inner solar 
system at the times of noble gas incorporations by host phases; similar pro- 
portions of the R^t phases that incorporated most of the He and Ne on the 
one hand (X) and Ar, Kr, and Xe on the other hand (Q); a decrease in the 
degree of fractionation with increasing noble-gas partial pressure; and the 
presence of interstellar carriers containing isotopically anomalous noble 
gases . 

Our analysis also suggests that primordial noble gases were incor- 
porated throughout the interior of the outer terrestrial planets, i.e., 
homogeneous accretion is favored over inhomogeneous accretion. In accord 
with meteorite data, we propose that carbonaceous materials were key hosts 
for the primordial noble gases incorporated into planets and that they 
provided a major source of the planets' CO 2 and N2- 
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HELIUM: FURTHER EVIDENCE OF A SIMILAR ORIGIN FOR EARTH AND VENUS 
Michael J. Prather, Center for Earth and Planetary Physics, Harvard University, 
Cambridge, MA 02138 

The abundance of noble gases provides clues to the origin and evolution 
of the terrestrial planets and, in addition, to the Interaction of the 
solid body with the atmosphere through subsequent degassing. of volatiles. 

We focus here on the radiogenic gases ^®Ar and 4 hc, Argon is stored in 
the atmosphere; whereas escape is important in modifying the atmospheric 
abundance of helium. The rate for' escape of ^He, 106 cm-^s”!, is similar 
for Earth and Venus, indicating like sources of helium from uranium and 
thorium in their respective crusts. Data on the abundance of crustal 
potassium and atmospheric also point to the basic similarity of the 

two planets. 
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NUMERICAL EXPERIMENTS WITH THE GEOCHEMICAL CYCLE POR 
CARBON. Steven M. Richardson, Dept, of Earth Sciences, Iowa State 
University, Ames, lA 50011 and Allen S, Grossman, Lawrence Liver- 
more Laboratory, Livermore, CA 9^550 

The partitioning of carbon among major geochemical reser- 
voirs Is controlled at steady state by a variety of transfer pro- 
cesses, such as volcanlsm, chemical and mechanical weathering, 
and limestone deposition. The rates of these processes are. In 
turn, controlled by parameters such as atmospheric temperature, 
mean continental elevation, and mean oceanic depth. Over short 
periods of time, many transfer processes can be described 
adequately by linear first-order differential equations. Rate 
constants can often be measured or empirically derived by consid- 
eration of the control parameters. Over long periods of time, 
however, the rates of transfer processes are time-dependent. The 
carbon cycle attempts to maintain a dynamic steady state during 
episodic or continual changes In the geological environment. 
Equations to describe the long-term carbon cycle, therefore, are 
In general non-linear. 

We have begun numerical experiments In which we extend the 
matrix method of Lasaga (1) to track the evolution of the steady 
state. Por these initial experiments we consider only the simple 
cycle containing carbon, and do not consider the real world con- 
dition In which the carbon cycle Is coupled to the cycles for 
oxygen, sulfur, and other elements, although the matrix method 
can be modified to treat such non-linear problems. The steady 
state for a short-term cycle can be described by examining the 
eigenvectors of a matrix composed of the first-order rate con- 
stants. If we treat the long-term cycle as a sum of suitably 
small short-term steps, between each of which a small change Is 
made In selected rate constants, then the long-term evolution of 
the cycle can be effectively linearized and followed by this same 
eigenvector method. Changes of reservoir contents In response to 
two or more competing time-dependent transfer functions can be 
examined In this fashion. 

1. A.C. Lasaga (1980) The kinetic treatment of geochemical cycles. 
Geochim. et Cosmochlm. Acta ; 44, 815-828. 
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ATMOSPHERIC EVOLUTION DURING ACCRETION; A NUMERICAL 
MODEL. Steven M. Richardson, Dept, of Earth Sciences, Iowa State 
Unlv. ,Ames, lA 50011, Ray T, Reynolds, NASA Ames Research Center, 
Moffett Field, CA 9^035, Allen S. Grossman, Lawrence Livermore 
Laboratory, Livermore, CA 9^550, and James B, Pollack, NASA Ames 
Research Center, Moffett Field, CA 9^035 

Models of atmospheric evolution which favor an early "cata- 
strophic" outgasslng period are often difficult to reconcile with 
models of energy and mass deposition during accretion and with 
models for subsequent differentiation and thermal evolution. For 
accretionary times on the order of 10' to 108 years, the energy 
released by Impacts alone is sufficient to cause appreciable 
planetary melting and may result in a global magma ocean. High 
planetary temperatures lead to maximum efficiency of outgasslng, 
but may also lead to a dense atmosphere and runaway greenhouse 
temperatures. 

We are investigating model conditions under which a runaway 
greenhouse can be either avoided or reversed during early out- 
gassing. To do this, we consider a spherically symmetrical planet 
whose radius Increases at a constant rate over a growth period of 
5x10' years. In a fashion to Kaula (1), we assume that a fraction 
(p = 0.1 to 0.5) of the energy of impacting particles is deposi- 
ted below the surface of the planet, generating a melt zone which 
we take to be roughly 100 km deep. The melt zone is overlain by a 
thin, fragmented crustal layer analogous to the solid surface 
that develops on lava lakes. This crust is subject to puncturing 
by Impacts and to tensional fracturing as t^M planetary radius 
increases. It serves as a cap of low thermal conductivity, re- 
stricting major heat losses from the melt zone to a small frac- 
tion of the total planetary surface. An approximate steady state 
balance between accretional energy gains and radiative heat 
losses across the surface is maintained by regulating the frac- 
tion of surface area covered by crust. 

Heat transfer in the melt zone is convective and can be 
shown to be rapid relative to the rate of Increase of the planet- 
ary radius. Hence, the thermal profile of the melt zone with 
depth is near to the melting curve for the magma. At the base of 
the melt zone, however, lithostatic pressure is high enough and 
accretional energy deposition is low enough that magma solidifies 
at a rate roughly comparable to the planetary growth rate. 

Potential atmospheric components are concentrated in the 
melt zone as the planer grows and are continually expelled from 
the surface in regions of exposed magma. If the atmosphere is 
well-mixed and remains nearly in thermal equilibrium with the 
magma from which it came, then condensation of water vapor is 
precluded and runaway greenhouse conditions are implied, though 
they may be reversible once accretion stops and heat losses from 
the planetary surface become smaller. On the other hand, the 
atmosphere may attain thermal equilibrium with the larger frac- 
tion of the planetary surface, covered by thin crust. If so, 
condensation of water vapor may be possible, leading to the early 
formation of an ocean, the removal of carbon dioxide by precipi- 
tation of carbonate rocks, and the avoidance of runaway green- 
house conditions. 
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VOLATILE ELEMENT TRANSPORT FROM THE MANTLE: EXPERIMENTAL SOLUBILITY 
DATA FOR S- SYSTEM, M.J. Rutherford and M. Carroll, Dept, of Geologi^.cal 
Sciences, Brown University, Providence, RI 02912. 

INTRODUCTION . The problem to be addressed in this paper is that of the 
relative degassing rates of C-O-H-S gas species from the mantle of a terres- 
trial-type planet such as the Earth, Mars or the Moon once the planet has 
formed a crust. Volatile elements cou3d be brought from the mantle to the 
surface of such a planet in one of three states. The volatiles could be 
bound in crystalline phases of sufficiently low S.G. that they would be 
carried to the surface in magma derived from the mantle. Graphite (1,2) might 
be such a phase. Alternatively, volatiles could be dissolved in mantle - 
derived magma and carried to the surface with the magma. The third possi- 
bility is that a discreet vapor phase exists in the upper mantle, and this 
vapor comes up with or through the magma as a separate phase. In order to 
evaluate these possibilities for any one or a group of volatile elements, it 
is necessary to know the following; (1) The nature of the volatile-bearing 
crystalline phases and their stability as a function of depth (P,T,fo 2 ,etc.)in 
the mantle (2) The distribution of the volatile element of Interest between 
the crystalline mantle phases and the coexisting i?agma (if present) , and (3) 
Whether or not a separate vapor phase would coexist with a given mantle assem- 
blage, and if it does, its composition. A considerable body of experimental 
and observational data has been gathered regarding 11,0 and the C-0 gases - the 
purpose of this paper is to present data for the behavior of sulfur. 

UPPER MANTLE VOLATILE-BEARING CRYSTALLINE PHASES . On the basis of mantle 
xenolith studies, it is well established that in addition to the major sili- 
cates, the upper mantle of the earth does in places contain phlogopite (3) 
graphite, diamond (4) and possibly amphibole (3, 5, 6, 7). Apatite is another 
volatile-bearing phase which may be present, although there is some question 
whether it is stable at basalt llquidus temperature in the mantle (8). Experi- 
mental studies (9,10) verify that these phases are stable under certain upper 
mantle conditions and also indicate that Ca-Mg carbonates may be present (11), 
particularly where geothermal gradients are low. Any or all of these phases 
could be mantle reservoirs of C-O-H gas species. The main reservoir for 
mantle S appears to be an FeS-rich sulfide based on its common occurrence as 
inclusions in silicates (12) and diamonds of mantle xenoliths (4) . 

SO LUBILITY OF C-O-H-S FLUIDS IN BASALTIC MAGMA . Experimental data indi- 
cates that the solubility of H 2 O in basaltic magmas is large ('VIO wt% at lOkb 
and 1100“G, (13)). As a result there would be no difficulty in transporting 
HO to the surface of a terrestrial- type planet particularly if there were 
adiabatic mantle upwelling which would tend to carry hydrous phases out of 
their stability field. The solubility of C-0 gas species in basaltic magmas 
is not likely to be as large as H^O (14), but it is substantial. Thus there 
would be no problem bringing C, 0 or H up from hot mantle regions as species 
dissolved in basaltic magmas. However, the data on the solubility of S in 
basaltic magmas Indicates that it would be very difficult to transport signi- 
ficant amounts of sulfur from mantle depths in the same way. 

Figure 1 shows the data we have collected on S solubility in basaltic 
magmas under a variety of conditions along with some collected earlier (15) 
at 1 atm. The new data emphasize the findings of (15) indicating that X ^ 
and are important variables in determining S solubility. New data for 

the basalt-C-O-S system (2.7 wt% TiO^) shows that there is essentially 

no pressure effect on this solubility up to 5 kb. Wendlandt (16) indicates 
there is probably a decrease in S-solubility with pressure in this system. 
Experiments on the same basalt (2.7 wt% TiO^) in equilibrium with FeS and an 
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H-O-S fluid (Fig. 1) show a 30-50% increase in the S-solubility , but the 
amount of S present is still only 0.20 wt%. On the basis of these data it 
is concluded that dissolution of S in basaltic melt would not be an effective 
process for transporting sulfur from the mantle to the surface of terres- 
trial type planets, particularly in comparison to C,0 and H. 

DISCUSSION . If S cannot be effectively dissolved in basaltic melts, 
what is the explanation for the abundance of S gas species in volcanic gases 
and fluids (17)? Inuniscible sulfide is not likely to be carried up in a 
basaltic melt. Two explanations seem likely. (1) There may actually be a 
vapor phase in the upper mantle which could come up with or through magmas . 
The high pressure COg-rich fluid inclusions found in many mantle xenollths 
(18) often contain sulfide grains (19) indicating the possibility of C-O-S 
fluid. (2) Possibly S is only slowly removed from upper mantle regions and 
the sulfur evident in oceanic volcanic regions is largely recycled. 

REFERENCES. (1) Sato, M. (1978) LPS, IX, 990-992. (2) Sato, M. (1979) 
Proc. Lunar Planet. Sci., 10, 311-325. (3) Boettcher, A.L. and O'Neil, J.R. 
(1980) Am. J. Sci. 280A, 594-621. (4) Gurney, J.J., Harris, J.W. and Rickard, 
R.S. (1979) Proc. Kimb. Conf., 2,1, 1-15. (5) Wass, S.V. (1979) Proc. Kimb. 
Conf., 2, 2, 366-374. (6) Irving, A.J. (1980) Am. J. Sci. 280A, 389-427. 

(7) Wilshire, H.G., Pike, J.E.N., Meyer, C.E. and Schwartzman, E.C. (1980) 

Am, J, Sci., 280A, 576-594. (8) Green, T.H. (1981) J. Vole. & Geoth. Res., 

10, 405-422. (9) Modreski, P.J. and Boettcher, A.L. (1973) Am. J. Sci., 273, 
385-414. (10) Eggler, D.H. (1978) Am. J. Sci., 278, 305-343. (11) Wyllie, 

P.J. (1979) Am. Min., 64, 469-500. (12) DeWaal, S.A. and Calk, L.C. (1975) 

J. Petrol., 16, 134-154. (13) Hamilton, D.L., Burnham, C.W. and Osborn, E.F. 
(1964) J. Petrol., 5, 21-39. (14) Eggler, D.H., Mysen, B.O., Hoering, T.G. 
and Holloway, J.R. (1979) E.P.S.L., 43, 321-330. (15) Haughton, D.R., 

Roedder, P.L. and Skinner, B.F. (1974) Ec. Geol., 69, 451-467. (16) Wendt- 
landt, R.F. (1981) GSA Abst. with Prog., 578. (17) Gerlach, T.M. (1980) 

J. of Vole, and Geoth. Ros . , 7, 295-317. (18) Roedder, E. (1965) Am. Min., 

50, 1746-1782. (19) Moore, J.G., Batchelder, J.N. and Cunninghan, C.G. (1972) 
J. Vole. Geoth. Res., 2, 301-327. 
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Fig. 1. Sulfur solubility in basalts. Experiments with fluids in the C-O-S 
system (o,x, , ) and the H-O-S system (+) . The ( ) are from (15). 
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COMPARATIVE Ar-Xe SYSTEMATICS IN THE EARTH'S MANTLE 

Ph. Sarda, Th. Staudacher, and C.J. Allegre, 

Laboratoire de Geochimie, Institut de Physique du Globe, 

4 Place Jussieu - 75230 Paris cedex 05 - France. 

Argon and Xenon isotopic ratios and gas concentrations have been measured 
in glassy rims of dredged MORB samples, using a Reynold-type mass spectrometex^ 
ARESIBO I. Total rock analyses and stepwise heating experiments have been per- 
formed. j 29 

We have obtained the first systematic ^Xe anomalies even found in MORB 
with 129xe/130Xe ratios up to 6.94. On the other hand, very high AO^r/SS^r 
isotopic ratios, as high as 22 000, have been measured. Stepwise heating 
experiments allow the elimination of atmospheric contamination (by sea water 
dissolved gases) which drastically lowers the ^^Av/^^Ar ratio. Our results 
also indicate large gas losses of the samples during their emplacement. 

Such high 129Xe/130Xe and ^^Ar/3(>Av ratios are supposed to be close to 
the isotopic features of the source of MORB. We used them as constraints to 
study the kinetics of the atmosphere generation, by the way of ^29i-129Xe and 
AOk-40/^x: chronometric systems (Ti/2 “ 17 lO^y and 1,25 lO^y respectively). 

We describe the outgassing of the Earth's mantle in a two box-model, the 
only assumption being that the degassing did not grow with time (it is actual- 
ly not a first order kinetics). The atmosphere is thus found to have a mean 
age > 4 I09y using both argon and xenon results. However, a discrepancy does 
exist between argon and xenon derived mean ages, the latter being slightly 
older. 

Such a difference leads us to consider a back flux of atmospheric gas 
into the mantle by sediment reinjection. Such reinjection' should have a 
greater influence on the argon isotopic composition of the mantle due to the 
enormeous difference in the ^^Ar/^^Ar ratios of atmosphere and mantle 
(295.5 and >22 000 respectively), and thus decrease the argon derived mean age 
of the atmosphere. 
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REDOX STATE AND STABLE DISTRIBUTION OF VOLATILES IN PLANETARY INTERIORS 
Motoaki Sato, U. S. Geological Survey, Reston, VA 22092 

It is a common concept that volatiles were lost in gaseous forms from 
terrestrial planets because these planets became hot at a certain stage of 
their evolution while the planets were not massive enough to accquire large 
enough gravitational fields to hold on to these gases. This may have been 
true for rare gases and for some elements such as nitrogen* but for many 
gas- forming elements, the redox state of the interior of a planet palys a 
a crucial role in determining whether an element exists mainly as gas. 

For example, carbon forms gases only under oxidizing conditions or H 2 -rich 
reducing conditions; the elemental form is extremely refractory. 

The presence of a metallic core is considered to be evidence that the 
interior of the planet is in a reduced state. One might entertain a not- 
ion that perhaps the larger the core is, the more reduced the interior is. 
Comparison of lunar rocks with terrestrial rocks, however, immediately 
brings up a seeming paradox. The Moon, which may not even have a core, has 
rocks ubiquitously containing metallic iron, whereas the Earth, which has a 
large core, has more oxidized mantle rocks. This paper aims at developing 
a thermochemical basis to assess the redox state of a planetary interior 
by extending my preliminary attempt(l) and gaining more insight into the 
behavior of gas-forming elements at various stages of planetary evolution. 


An important factor overlooked by recent investigators of the chmistry 
of planetary interiors is the effect of gravity on chemical equilibria in 
the vertical direction. Brewer(2) suggested that the stable distribution 
of elements in the Earth is such that iron concentrates in the center and 
oxygen near the surface because of the gravitational contribution to the 
free energy term. Brewer did not go beyond a statement of the principle, 
however, because of "mathematical" difficulties for a non-i sothermal body. 
The difficulty can be circumvented as shown below. 


For a gas, the gravitational contribution appears as the barometric 
effect. For an ideal gas at constant temperature and gravitational 
acceleration, the difference in free energy per mole is given by: 

G(h 2 ) - G(hi) = M g (h 2 - hi) = - R T In (P 2 - Pi) _{1) 
where g is the gravitational acceleration, M the molecular weight, hi, 
h 2 » and pi, P 2 the heights and respective partial pressures, and R the 
gas constant. For a real gas, fugacities should be used instead of par- 
tial pressures. Where T and g vary, as in a planetary atmosphere or 
within a planetary interior, integration of these parameters as a function 
of height (=radial diatance) becomes necessary. So we have: 

log f] - log f 2 = (M / 2.303 R) (g / T) dh (2) 

The integration term decreases as a homogeneously accreted planet dif- 
ferentiates or its temperature rises; it increases as a planet cools. 


The above relation should apply to ''^re gases as well as to^a^ 
qas. As the rare gases cover a wide range of molecular weight, it ev 
dent that rare gases should not degass alike. To escape to the atmosphere, 
the fugacities of He3, He4, Ne20, Ar36, Kr84 and Xel32 m the present 
Earth' s mantle (100 km, 1500 k) must be 1 .25, 1 .35, 4.51 , 1 5.1 , 562 and 
IO 4.32 times higher, respectively, than those already in the atmosphere 


according to equation (2). These numbers suggest that if the material 
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that formed the Earth had chondritic abundances, the atmosphere should be 
increasingly depleted of heavier rare gases. This conclusion is in agree- 
ment with the finding of (3). 

In the initial stage of homogeneous accretion, the almost ubiquitous 
presence of metallic iron in chondritic matter presumably buffered the fog 
of the accreted matter at values lower than that of the Fe-FeO buffer 
throughout the interior. Th?? fgg of an oxygen buffer increases as either 
tetnperature or pressure increases. As the interior temperature increased 
due to radioactive decay, adiabatic compression, etc., and as the pre?.sure 
increased by increased mass and gravity, the fog of such buffers increased. 
The fugacity of Fe increases likewise. The increases amounted to orders of 
magnitude for a planet of the size of the Earth. The increasing fugacities 
in the interior did not necessarily cause both oxygen and iron to move to 
the cooler, low-pressure areas, however. Equation (2) stipulates that fog 
and fpe should be orders of magnitude higher in the deep interior to main- 
tain barometric equilibria. Only when corrections for the barometric effect 
are made, can one judge if the distribution of a volatile element is stable 
or not. A term called "equigravitational fugacity (symbol f=)" to designate 
the fugacity of a gas which is corrected for the barometric effect has been 
introduced by (1), The reference datum was chosen at the surface of a planet. 

Equigravitational fugacities of Og, Fe, and gases of the C-S-0 system 
buffered by various mineral assemblages have been computed for homogeneous 
protoplanets ranging in mass from that of the Moon to that of the Earth for 
Fe-FeS eutectic and peridotite melting temperature models. These fugacities 
have been computed also for the differentiated Earth with the known pressure 
gradient and an estimated temperature gradient. 

The results obtained so far suggest the following, (i) In an accreting 
planetary body of the size of the Moon, very little redox differentiation 
would occur. Gaseous volatiles would be lost and sulfur would be retained, 
(ii) In a planetary body of the size of Mars, redox differentiation would 
be more significant, (iii) By the time a planetary body reaches the size of 
the Earth, a strong tendency would exist for Fe to concentrate in the core 
region and oxygen in the upper mantle. The tendency would decrease as the 
redox differentiation proceeds and the planet becomes stratified in density, 
(iv) The Earth has not yet reached the most stable stata in terms of redox 
differentiation, because Fe still shows a tendency to move down to the core 
region from the lower mantle at the expense of FeO. Alternatively, if the 
Earth was very hot in the early Archean , the stable distribution of iron 
and oxygen may have once been closely approached and then subsequent cooling 
may have resulted in increased di sequil ibri a , facilitating production of 
heat by increased redox differentiation to counter the cooling, (v) Neither 
sulfur, carbon, nor oxygen is stable in the outer core of the Earth, This 
suugests that the light element is likely to be silicon. 
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ARCHAEAN PHOTOAUTOTROPHY: IMPLICATIONS FOR THE EVOLUTION OF THE 

PHOTOSYNTHETIC OXYGEN BUDGET 

M.Schidlowski, Max-Planck-Institut f. Chetnie, D-6500 MAINZ, W. Germany 

Current photochemical models predict extremely low partial pressures 
of oxygen in the Earth's prebiological atmosphere, with values ranging 
between 10-8 to 10“!^ PAL (Present Atmospheric Level) (1, 2). Since the 
non-biological oxygen source (i.e., photodissociation of water vapor in 
the upper atmosphere) is basically diffusion-limited (3,4), photochemi- 
cal oxygen production is determined by the temperature of the tropopause 
cold trap which prevents any major leakage of water to the stratosphere. 
Only a substantial rise in the average temperature (1950K over tropical 
regions) of this cold trap could increase the rate of HgO transfer to the 
stratosphere so as to subsequently yield stationary Poa's between 10"2 to 
10“3 PAL as a result of inorganic photochemistry (5). Oxygen levels in 
this range are, accordingly, the maximum expected in any prebiological 
scenario. 

Therefore, it seems reasonable conjecture that oxygen pressures of the 
order-of-magnitude observed in the Earth *s present atmosphere could only 
be sustained by life processes or, more specifically, by autotrophic car- 
bon fixation. Here, using light as the energy source, carbon dioxide is 
reduced to the carbohydrate level by water, releasing molecular oxygen as 
metabolic by-product in a fixed stoichiometric relationship: 

2 H 2 O* + CO 2 J 24 CH 2 O + H 2 O + Oj AGj, = +470.7 kJ (1). 

Hence, the origin of the Earth’s oxygenated atmosphere is ultimately 
related to the problem of the evolution of photosynthetic carbon fixation. 
Several lines of evidence suggest that photoautotrophy is a very ancient 
process. Stromatolite-type biosedimentary structures commonly ascribed to 
the matting behavior of benthic prokaryotes appear in rocks as old as 3.5 
Ga (6, 7, 8), the principal Archaean mat-builders having probably been 
both phototactic and photoautotrophic (9). Moreover, the content of re- 
duced (organic) carbon in Archaean and Early Proterozoic sediments does 
not seem to be basically different from that of geologically younger 
rocks (10). This might indicate that formidable rates of primary pro- 
duction were sustained on the early Earth by prokaryotic microbial eco- 
systems preceding the advent of eukaryotic life about 1.5 Ga ago (11). 
Since prokaryotic mat communities have been shown to produce organic 
matter at rates around 8g C/m^day approximating those of common agri- 
cultural crops (12, 13), these inferences would not seem unreasonable. 
Additional corroboration for the assumed antiquity of biological car- 
bon fixation comes from the sedimentary carbon isotope record which 
displays a relatively constant average fractionation between carbonate 
and organic carbon back to 3.5 Ga ago which time terminates the occur- 
ence of unmetamorphosed sediments (14, 15). Since the characteristic 
enrichment of light carbon (12c) in ancient sedimentary organics is 
virtually identical with that produced via common photosynthetic path- 
ways (notably the RuBP carboxylase reaction of the Calvin cycle), the 
sedimentary record bears the isotopic signature of biological 

carbon fixation (10, 15) which apparently began 3.5 Ga, if not 3.8 Ga, 
ago (assuming that the isotopic shifts observed in the oldest meta-sedi- 
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merits from Isua, West-Green land, are due to metamorphic reequilibration 
between both sedimentary carbon species (15, 16). 

The early appearance of photoautotrophy as both a biochemical pro- 
cess and as a geochemical agent has crucial implications for the oxida- 
tion state of the ancient environment. From the point where photosyn- 
thesis became quantitatively important on Earth and sizable amounts of 
organic carbon were incorporated into terrestrial rocks, the correspond- 
ing oxidation equivalents were bound to accumulate in the exogenic system 
in quantities dictated by the stoichiometry of the photosynthesis react- 
ion. The only uncertainty concerns the specific oxidation product re- 
leased since most forms of bacterial photosynthesis (that substitute 
different sources of reducing power such as H 2 or H 2 S for water) evolve 
oxidized species other than free oxygen, e.g., 

0.5 H2$ + H 2 O + CO 2 + H+ + 0.5 S0j~ Ag{,= +117.2 kO (2). 

Unfortunately, any differentiation between organic carbon derived from 
splitting water (cf. Eq.l) or from other forms of photosynthesis has to 
be based on independent evidence which, for the most part, is difficult 
to obtain. Since there is a broad consensus, however, that the anoxygenic 
forms of bacterial photosynthesis have preceded the oxygen -re leasing 
reaction (entertained by cyanobacteria and green plants’) in the. evolution 
of photoautotrophy, oxidation products other than free oxygen (notably 
sulfate, see Eq.2) might have been more abundant in the Archaean than 
during later times. We may, furthermore, assume that prior to the uti- 
lization of water as a reductant, proliferation of life was limited by 
the availability of biologically suitable forms of reducing power. The 
fact that life ultimately resorted to water-splitting photosynthesis 
which posed an exorbitant energy requirement (cf. Eq.l) Indicates that 
a formidable evolutionary pressure to find an abundant electron donor 
had developed (17). 

From the stoichiometry of the generalized photosynthetic reaction 
(2 H 2 X + CO 2 CHgO + H 2 O + 2 X) we may quantify the accumulation 
of photosynthetic oxidation products (X) in the exogenic system by 
tracing the evolution of the organic carbon equivalent’ back through 
time. Since almost all organic carbon is stored in the sedimentary 
shell as kerogen and related substances (the standing surface biomass 
is smaller by 4 orders of magnitude), we may base our calculation on 
the quantitative evolution of the sedimentary Co^g-reservoir. Since 
organic carbon seems to average about 0.5% already in the oldest sedi- 
ments and has remained close to this mean during the Earth ''s later 
history, only information on the evolution of the total sedimentary 
mass through time is needed in order to estimate the size of the sedi- 
mentary Corg-reservoir. 

Usually, the evolution of the stationary sedimentary mass is viewed 
in terms of two limiting scenarios, namely, (i) the constant mass model 
and (ii) the linear accumulation model both of which are based on re- 
spective limits for the terrestrial degassing process (18, 19). Early 
catastrophic degassing would have yielded a sedimentary mass of the 
current size within some I 08 yr after the Earth's formation which was 
apt to subsequently persist as a quasi-stationary quantity ("constant 
mass"), while a linear degassing process would have resulted in a linear 
growth function for the sedimentary shell. With about 0.5% of the sedi- 
mentary mass being organic carbon and the linear model defining a lower 
limit for the buildup of the sedimentary Corg-reservoir, the quantity 
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of sedimentary organics could have been hardly less than 20 t of the pre- 
sent one from about 1 6 a after the Earth’s formation (I.e. the beginning 
of the terrestrial degassing process). In accordance with the stoichio- 
metry of the photosynthesis reaction, this percentage must necessarily 
hold for the corresponding oxidation equivalents released (Fig.l). How- 
ever, since the growth function most probably followed the “constant 
mass" or "asymptotic" models (cf. Fig.l), the actual quantities of 
both Corn and photosynthetic oxidation products stored In the exogenic 
system at that time may well have approached their present reservoirs. 
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Fig. 1 . Evolution of the budget of photosynthetic oxidation equivalents 
(expressed as O 2 ) based on different growth models for the sedimentary 
shell and Its organic carbon reservoir (21). The 3.2 x 1022g nxygen re- 
presented by the budget column are the equivalent of 1.2 x 1022g Cg^-g 
stored In the present s**d1mentary shell (10, 22). Note that the bulk^of 
photosynthetic O 2 has come to be tied up In sulfate and ferric oxides of 
the crust and that the 1.2 x 1021 g of free oxygen residing In the atmo- 
sphere account for 4% of the total only. 

The buildup of a sedimentary Cgrg-reservoir of the order-of-magnl- 
tude of the present one Is difficult to perceive without photosynthesis 
resorting to the water-splitting process, simply for want of other forms 
of biologically suitable reducing power (17, 20). Accordingly, a good 
case can be made for a very early evolution of 62 -releasing (cyanobac- 
terlal) photosynthesis. However, with abundant reducing substances (noi- 
ably dissolved ferrous iron) present In the ancient environment, the se- 
questering of major amounts of photosynthetic oxidation equivalents by 
the atmosphere could be of much younger date. Therefore, the rise of 
atmospheric oxygen need not necessarily be linked to the onset of photo- 
synthetic Oo-productlon as such, but was more likely a function of the 
partitioning of this oxygen among the principal geochemical reservoirs 
(t!ie style of which could have changed with time). In the present budget, 
free oxygen makes up the tip of the iceberg with about 4% of the total 
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(Fig.l) because most Op-consuming reactions in the exogenic cycle are 
kinetically retarded. On the other hand, in the absence of a kinetic lag 
in oxygen consumption, a modern-size reservoir of total photosynthetic 
oxygen might have been readily coupled with extremely low stationary con- 
centrations in the atmosphere. In general, any accumulation of free oxy- 
gen in the atmosphere ultimately results from the failure of thermodyna- 
mics to exercise strict control over the redox balance of the atmosphere- 
ocean-crust system. As is fairly obvious from the nature of free oxygen 
as a transient and from the comparatively small size of its reservoir, 
sequestering of photosynthetic oxidation equivalents by the atmosphere 
represents a minor side show in the global redox. cycle, at least from the 
quantitative point of view. 

For a more exhaustive treatment of these questions the reader is re- 
ferred to a forthcoming publication (21). 
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IMPACT BASINS AND THE STORAGE/ RELEASE OF VOLATILES ON MARS. 

Peter H. Schultz, Lunar and Planetary Institute, Houston, TX, John L. Rogers, 
Anierican Petrofina, Houston, TX. 

The Hellas and Argyre basins are the most obvious remnants of major im- 
pacts on Mars that must have had global effects. In addition, however, there 
are numerous other subtle impact basins whose deep-seated imprint in the crust 
not only has controlled volcanic/ tectonic processes (in a manner analogous to 
basins on the Moon) but also influenced the distribution of volatiles. 
Impact-basin control of volatiles in the crust occurs by three primary mech- 
anisms. First, central basin and concentric ringed depressions provide ob- 
vious topographic traps for aeolian or fluvial deposition. Second, the 
permeable ejecta facies represent significant reservoirs of volatiles whether 
trapped or precipitated during emplacement. Third, basin-controlled fractures 
become major release centers of volatile reservoirs during epochs of regional 
volcanic/tectonic rejuvenation. The expression of these three mechanisms for 
specific basins provides clues for the timing and style of volatile transfer. 

Basin-controlled topographic lows and contained depressions represent one 
of the most obvious traps for martian volatiles. Recent studies (1) indicate 
that Mars may not be deficient in the number of major impact basins larger 
than 300km; rather they were nearly erased by active erosional and deposi- 
tional processes early in geologic history. Such structures can be recognized 
on the basis of topography and the concentric arrangement of massifs, frac- 
tures, and scarps. Their subtle expression, however, underscores the poten- 
tial volume of sediments that once were globally redistributed as: aeolian 
deposits; outwash deposits from fluvial activity indicated by convergent 
narrow valley networks and channels; widespread fall-out of suspended fine- 
size ejecta from major impacts accumulated over 4 billion years; and polar 
deposits trapped during previous locations of the geographic pole (2,3) The 
last process is active today on the periphery of the present poles where 
thick layered deposits occur on the floors of large craters. 

Ancient martian impact basins typically have a pervasive network of nar- 
row valleys along the outer rings and in the inferred ejecta facies. This 
selective occurrence, at the very least, indicates the ease with which impact 
ejecta can be eroded. More importantly the style of erosion suggests a sap- 
ping process (4) wherein the highly permeable ejecta facies provide an aquifer 
during periods of climate change and global heating. In several basins, 
certain narrow valleys emerge locally along a scarp in a manner consistent 
with an origin as spring-fed systems. Mapping of characteristic mass-wasting 
styles of terrains around Isidis, Chryse, Argyre, and Hellas indicates that 
inferred spring-fed processes are extensive around Isidis and exposed crater- 
ed terrains of Chryse but are highly localized around Argyre and Hellas. Al- 
though models can be envisioned where a vast aquifer localized volatiles with- 
in ejecta deposits well after emplacement, a more direct mechanism simply 
buries or mixes pre-existing volatile traps, e.g., polar deposits, with basin 
ejecta early in martian history. The formation of the basin and the passage 
of ejecta through the martian atmosphere could have had a direct effect on 
the early climate and the precipitation of certain volatile fractions, such as 
water. Considerations of more modest-size impacts on the Earth (5) suggest 
that the re-entry of high-speed ejecta heat the atmosphere and micron-size 
ablation/spallation products could form important nucleation centers. 

Impact basins subsequently have played an important but largely unappre- 
ciated role in the release of volatile reservoirs. A recent study indicates 
that nearly all major outflow channels originate along a basin ring (1). Such 
occurrences are interpreted as basin-trapped ices that have been hydrothermal ly 
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melted along ring fractures during a period of basin-controlled intrusive 
activity. On the Moon, analogous volcanism resulted in eruptions of basalt 
and the formation of sinuous rilles. On Mars, volatiles previously trapped 
in topographic lows were melted episodically and their release produced the 
major outflow channels. One of the largest systems is related to the Chryse 
Basin. 

1. Schultz, P.H., Schultz, R.A. and Rogers, J.L. (1982) J. Geophys. Res. 

(in press). 

2. Schultz, P.H. and Lutz-Garihan, A.B. (1981), in Papers Presented to the 

Third International Colloquium on Mars , pp. 229-^31 . 

3. Schultz, P.H. and Lutz-fiarihan, A.B. (1982) ^ Geophys. Res. 

(in press). 

4. Pieri, D.C. (1980) Science . 210, p. 895-897, 

5. Schultz, P.H. and Gault, D.E. (1982) Proceedings of the Conference on 

Large-body Impacts on the Earth, GSA Special Paper (in press). 
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MEANDER RELICS: DIRECT EVIDENCE OF EXTENSIVE FLOODING ON MARS 
David H. Scott, U.S. Geological Survey, 2255 N. Gemini Dr*, Flagstaff, 

AZ 86001 

Introduction 

Many morphologic features whose formation is commonly associated with 
running water also can be duplicated by other processes. On Mars this 
ambiguity has caused some controversy over the formation of channels 
(1). Although most planetary investigators now agree on the fluvial 
origin of the larger channels, there is less evidence and agreement on the 
extent of floodwaters into the plains beyond the immediate vicinity of 
channel mouths. Previous studies (2) indicated that alluvial channels 
within the Chryse basin (lat 20° N. , long 40° W.) extended farther into 
the northern plains than had been mapped. This work was based primarily 
on the recognition of scour and depositional features commonly associated 
with the rapid and turbulent flow of water; their identification did not 
extend much beyond lat 30° N. Additional detailed geologic mapping has 
revealed new evidence for the past occurrence of running water in the 
northern plains of Mars. 

Morphologic Characteristics and Occurrence 

One characteristic that is probably unique to formation by running 
water is the meander pattern developed along the courses of mature streams 
and rivers. As rivers swing from side to side in flowing across their 
flood plains, sinuous channels are formed that gradually migrate 
downstream as bends in their channels are eroded. Cutoffs are formed 
where sustained erosion or floodwaters create shorter courses across 
meander loops. Eventually a pattern of abandoned meanders is marked by 
scroll-like scars and oxbows on the flood plain. The wavelength of the 
meander bends become adjusted to the width of the channel and does not 
increase beyond a limit of about 10 times the width of the river as 
indicated by the relation: x = 6.6 ■ where X and W are the respective 

wavelength and width of the stream (3). As a result of this dependence of 
channel wavelength to width, a freely meandering river flows in a meander 
belt that is usually about 15 to 18 times its bank-full width (4). 

Relict crescentic depressions that are nearly identical both in shape 
and size to meander patterns of terrestrial streams occur in Chryse 
Planitia (Fig. 1). These postulated meander scars have widths of about 2- 
3 km and wavelengths estimated to be approximately 10-20 km. They are 
especially well developed along the lower courso. of Ares Vallis, where 
they are confined within the sculptured banks of the main channel that is 
about 60 km across. However, the decreasing relu>;f downstream of the 
channel walls as the meander remnants become more conspicuous suggests 
that slope gradients had decreased sufficiently to allow a less turbulent 
type of discharge as floodwaters spread out over th.>> plains. In places, 
these presumed meander loops appear to terminate nea'^ the valley walls, 
where they may have been covered by slump material o, debris flows. In 
other places within the main channel enclosing the me \nder belt, 
streamlined bars partly overlie the loops suggesting t):at intermittent 
flooding probably occurred. 
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Elsewhere within the Chryse-Acidalia Planitia region, meander 
remnants hav3 been buried more completely and do not show such well- 
developed integrated forms (Fig. 2). They generally can be 
recognized, however, by a narrow near-central ridge within the channel 
troughs, well shown in Figure 1. The origin of these medial ridges 1s 
uncertain; they may represent coalesced point bars along the inside bends 
of meander channels or elongate sandbanks down the middle of the channels, 
where there is less bottom turbulence. Similar appearing ridges occur in 
other martian river channels near Deuteronilus Mensae (Fig. 3, lat 35® N., 
long 340° W.) and in Ma'adim Vallis (Fig. 4, lat -25° S., long 185° W.). 

On terrestrial flood plains, scroll-like patterns of ridges form where 
shifting of meander flow channels has occurred. 

It may also be that the channel ridges formed in a peri glacial 
environment. Subsurface pore water migrates and accumulates mostly toward 
the lower-central part of an abandoned river channel. With decreasing 
temperatures after a warm period that Induced flooding, encroaching 
permafrost would further concentrate the remaining pore water toward the 
channel center (Fig. 5). Eventual freezing and expansion of the water 
would create an ice-cored ridge along the valley floor beneath a cover of 
alluvium. Highly elongate pi'^igos occur in valley-floor sediments on 
Prince Patrick Island, Northwest Territories, Canada, where they may be 
related to freeze-thaw processes associated with invasion and retreat of 
the sea along low-lying inlets (5). 

Whatever the origin of the martian ridges, they appear to be 
diagnostic of meander channels in this region and thus afford a means of 
identifying fluvial channels from troughs created by tectonic and other 
processes. Their recognition as far as lat 45° N. in Acidalia Planitia 
suggests that water flooding was pervasive in the northern plains. 

Another occurrence of meander-like patterns is in the southeast part 
of the Cebrenia quadrangle (Fig. 6) at about the same latitude as those in 
Acidalia Planitia, They are not associated with any recognizable major 
outflow channel as are those in the Chryse area, nor are medial ridges 
common or prominent. Some vague, low-relief, north-trending valley-like 
features lie to the south of this sinuous trough complex. They appear to 
be deeply buried by younger deposits of volcanic or eolian materials and 
their nature or connection with the possible meander chanr**ls cannot be 
established. Here, as in the Acidalia Planitia region of the northern 
plains (Fig. 2), radar profiles might well reveal buried valleys and 
stream patterns as they have done beneath the sand sheet of the Eastern 
Sahara desert (6). 

In the Ismenius Lacus quadrangle and to the north and northeast of 
the large (250 km diameter) crater Lyot (lat 50° N. , long 330° W.), a few 
highly subdued meander remnants with central ridges can be recognized. In 
places they appear to be overlain by ejecta from Lyot, however, the 
southern edges of this crater are embayed by material that may have a 
fluvial origin. 

Relative Ages of Fluvial Episodes 

Preliminary crater counts made within various channels of the Kasei- 
Ares Valles drainage system indicate differences in relative ages of the 
fluvial deposits. On the basis of these counts, the earliest water 
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flooding appears to have occurred at about the same time as beginning 
volcanism at Tharsis Montes and Syria Plan^Hn (7). The channel deposits of 
Mangala Vallis to the west of Tharsis Montes are of similar age and 
support the probability that volcanic and fluvial activity are 
interrelated. In contrast, the postulated meander remnants in the 
Cebrenia region are associated with much younger surfaces and thus may not 
be related to the volcanism in the adjoining Elysium Mons-Hecates Tholus 
region which is believed to predate the Tharsis eruptions (8). 
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a - Ares Vallis (Viking frame 864A02). Meander scars (1). channels banks (2), streamlined 
erosional forms (3). Diagrams b and c show configurations of meanders in Ares Vallis 
and Missisippi river at same scale; arrows show direction of flow. 




MEANDER RELICS MARS 


ORIGINAL PAGE fU 
or POOR QUALITY 


161 


Scott, David H. 



Figure 2 . Partly buried meander remnants in Chryse-Acidal i a region of 

northern plains. Arrows indicate channels with characteristic 
central ridges. 
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Figure 3. Prominent channel in highlands near Deuteronilus Mensae showing 
well developed medial ridge'. 
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Figure 4. Ma'adim ValHs, a large ancient river channel In the Aeolls 
quadrangle of Mars. Central ridge shown by arrow. 
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Figure 6. Probable meander remnants in the Cebrenia quadrangle of Mars. 

Faint central ridges visible in places indicated by arrows. 
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VOLATILE EXCHANGE WITH THE MANTLE AT MID-OCEANIC RIDGES AND THE 
THERMAL HISTORY OF THE EARTH’S INTERIOR (Norman H. Sleep. Geophysics Depart- 
ment. Stanford University, Stanford, CA 94305) 

Water, CO 2 . Cl, and S are cycled into and out of the earth's mantle. About half of 
the earth’s inventory of HgO, COg, and Cl is in crustal reservoirs such as the ocet‘n, 
limestones, and salt deposits. Sulfur is much less strongly concentrated in the crust, 
Mid-oceanic ridges are largely a sink of water hydrated into the crust and a sink for 
free Oxygen. Sulfur from the basaltic crust enters the ocean and sulfate in the ocean 
reacts to form sulfides in the oceanic crust. The potential for reaction is great as all 
seawater is cycled through hydrothermal vents once every 10 m,y. (or less). Hydroth- 
ermal vents at the ridge axis have been extensively sampled and indicate that the 
water has extensively reacted with the rock and is quantitatively depleted in some 
components. Thermal calculations constrained by the shape of the magma chamber 
(obtained from seismic reflection) indicate that about l/lO of the circulation is 
through axial vents. Off-axis circulation probably reacts with the rock to a lesser 
extent. The correlation of S and C isotopes through the Phanerozoic is compi::lible with 
the relatively small chemical exchange with from the thermal models. 

The amount of chemical exchange in the past is proportional to the global rate of 
seafloor spreading because all the reaction occurs within very young crust. Reaction is 
also favored by shallow water over the ridge axis such as near Iceland. A possible insta- 
bility is that once the ocean is sufficiently shallow at the ridge axis, hydration would 
consume much of the remaining water. This never happen on the Earth but may have 
happen on Venus. The instability also precludes gradual build-up of the ocean through 
much of Earth history. Large losses of water at raid-oceanic ridges through geological 
time would change the ratio HgO : NaCl and HgO : COg, As there is no evidence for this 
change, the volitile data is most compatible with a gradually cooling interior of the 
earth and spreading rates comparable to the present through geological observable 
time. 
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ORIGIN AND CIRCULATION OF HYDROTHERMAL FLUIDS AT LARDERELLO: CLUES 

FROM NOBLE GASES. Stephen P. Smith, Dept, of Physics, Univ. of California, 
Berkeley, CA 94720. 


Spatial and temporal variations of the compositions of gases in steam from 
geothermal fields can be used to constrain models of the fluid circulation in 
the reservoir (1,2). Elemental and isotopic abundances were measured for noble 
gases in steam from five wells in the central and southern portions of the 
Larderello, Italy geothermal field. These data and literature data on the ac- 
tive gases (1,3) and noble gases (2,4) in other wells at Larderello suggest a 
complex picture of mixing among different components of volatiles from several 
atmospheric and juvenile sources. 


RESULTS OF THIS STUDY . The elemental abundances of the non-nucleogenic 
gases appear to be dominated by two-component mixing between an air-like com- 
ponent (A) and a heavy-noble-gas-enrlched component (HE) . No compositions were 
measured that matched air-saturated water (ASW) . 

For helium, ^He/^He (*R) normalized to atmospheric ^He/%e (Ra«®1.4 x 10“^) 
gives R/Ra ” 2.15, well outside of experimental uncertainty. This vari- 

ation requires the presence of at least two components. High He/Ne ratios (275 
to 2900 time atmospheric) rule out a significant atmospheric He component. The 
likely components present are crustal radiogenic He (R/RgiO.!) and a component 
enriched in ^He, either primordial mantle He (R/Rg> 30) or ^He from decay of 
bomb-produced tritium in young groundwater. 

Neon yields atmospheric 20i«5a/22]^g ratios, but 0 to 20 permil enrichments 
in 2lNe/22Ne compared to atmospheric Ne. The ratio of excess 2lNe to %e is 
about 5 X 10“^, consistent with crustal nucleogenic Ne from (oi,n) reactions. 

Enrichments in ^®Ar/^^Ar range from 0 to 15% over atmospheric reflecting 
an addition of radiogenic ^®Ar* to Ar of atmospheric composition. 

Isotopic compositions of Kr and Xe are atmospheric. 


GAS COMPONENTS IN LARDERELLO STEAM . Model calculations show that both 
the compositions and concentrations of the non-nucleogenic noble gases are con- 
sistent with generation of the A and HE components from 10°C meteoric ground- 
water by separate Rayleigh distillation processes. The A component may repre- 
sent gases from the initial stages of vapor separation at ilOC’C from an unde- 
pleted water body. The HE component appears to be derived at about 200“C from 
a substantially depleted reservoir (>90% Ar lost). The intersection of the 
mixing line defined by the sample data with calculated curves of compositions 
generated by Rayleigh distillation defines the endpoint compositions of the A 
and HE components (^32xe/36^i- about 1 and 11 times atmospheric, respectively). 
This allows calculation of the concentration of both components in each sample. 
For this model, from A varies by a factor of about 10, and 3&Ar from HE by 

a factor of about 2. 

Variations in the total ^He concentration of the steam tend to parallel 
the variations in ^°Ar from HE, suggesting a possible genetic link or common 
mode of transport. 

In the four wells containing detectable radiogenic ^'^Ar , the radiogenic 
and nucleogenic contributions to ^He, 2lNe, and ^®Ar form a coherent component 
(NUC) . The ratio %e/^®Ar* is constant (12.6 ± 0.2), as is 2lNe*/%e. Also, 
the absolute concentrations of ^He and ^^Ar* are constant within experimental 
uncertainty (0.58 ± 0.04 and 0.045 ± 0.003 ccSTP/kg steam, respectively). 

These constant concentrations appear to preclude any direct link between the 
bulk of the NUG gases and any other component showing variable concentrations. 
For example. The NUC component does not seem to correlate with the CO 2 content 
of these wells which varies from about 22 to 34 liters/kg steam. 
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Thus the noble gases in the wells studied appear to comprise a minimum of 
three independent components; A (air-like non-nucleogenic) , HE (heavy-enriched 
non-nucleogenic; possibly also including ^He) , and NUC (nucleogenlc He, Ne, 

Ar) . 

PREVIOUS RESULTS; CIRCULATION MODEL . D'Amore and Truesdell (1) present a 
model for fluid circulation at Larderello in which geographic variations in 
CO 2 , NH4, H 3 BO 3 , Cl, and i^®0 are ascribed to outward lateral flow and progres- 
sive Rayleigh condensation of steam from central boiling zones. Insoluble 
gases are concentrated in the uncondensed fraction of the steam - e.g. CO 2 to 
steam ratios increase by a factor of 5 toward the periphery. Conversely, the 
soluble constituents are enriched in the liquid condensate. 

According to this model, any noble gas components sharing an origin in the 
central boiling zones with the species listed above should show an enrichment 
toward the margin by at least a factor of 5. The data reported here serve to 
define primarily the concentrations in the central part of the. field. Limited 
literature data for the heavier noble gases ( 2 ) suggest that a non-nucleogenic 
component may show a concentration increase parallelling CO 2 . Elemental abun- 
dance ratios do not show a strong relative enrichment of either A or HE-type 
gases that might be expected if only one of the two components were radially 
concentrated. Clarification of this situation requires data from additional 
wells on the periphery of the field. 

Literature data reveals little or no increase (less than x2) in radiogenic 
%e content across the field (2,4). As was suggested from the data on the 
central wells, CO 2 and %e are evidently not closely related. The principal 
source of steam produced by the wells is evaporation of the liquid condensate 
in the two-phase region (1). The constant He/steam ratios suggest that the 
bulk of the radiogenic '^He in the steam from a given well was originally dis- 
solved uniformly in the condensate and was leached locally from the aquifer. 

He isotope da<-a (4; this work) suggest that the ^He/^e ratio and hence 
^He concentration decrease toward the northern edge of the field. The ^He and 
CO 2 appear not to share a common origin or transport mechanism. If the ^He ie 
of deep mantle origin, it is difficult to see how it could appear in the cen- 
tral Larderello wells without being subject to the same lateral flow that con- 
trols the CO 2 distribution. Perhaps this is telling us that the circulation 
model is incorrect. Alternatively, Torgersen (4) has suggested that the ^He 
enrichments at Larderello could be the result of tritium decay in young 
groundwater such as is known to be recharging the southern part of the field 

(1). If this is the case, the lack of tritium (5) and very high He/Ne ratios 
in the wells showing elevated ^He/^e ratios require that old steam extracted 
most of the ^He from the tritiated groundwater without significant hydrogen 
isotope exchange, and that the young groundwater was almost completely out- 
gassed before the tritium decayed. Model calculations show that this scenario 
cannot be ruled out at present, although it seems uncomfortably ad hoc. The 
question of the origin of the ^He in the Larderello fluids is clearly of great 
importance. 
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IMPORTANCE OF NON-TERRESTRIAL VOLATILES TO FUTURE SPACE OPERATIONS; 
Robert L. Staehle, Advanced Projeota Group, Jet Propulsion Laboratory, 
California Institute of Teobnology, Pasadena, California 91109 

By 2000 the mass of eoulpnent being placed into geostationary (Clarke) 
orbits annually may bo 10 '-10^ times the present level \ making space trans- 
portation a multibillion dollar industry in terms of yearly revenues* Assum- 
ing advanced hydrogen/oxygen propellant upper stages, nearly 75 % of the mass 
launched from Earth as payloads destined for geostationary orbit will be in 
the form of propellant^, with perhaps 300 t/yr of oxygen. In terms of energy 
required for transport, the Moon is 10 times closer to low Earth orbit (LEO) 
than the Earth's surface, and several known asteroids are even closer at some 
times^'^. 

With the future space transportation Industry becoming large enough to 
support its own supplier infrastructure, the possible availability of certain 
volatile elements on the Moon and some asteroids becomes attractive for reduc- 
ing the costs of interorbit and other forms of space transportation. While 
the commercial breakeven point for extraterrestrial vs, terrestrial sources of 
commodities used in space operations cannot yet be predicted, current esti- 
mates of space transportation demand, particularly for civilian communications 
services, make such a breakeven conceivable within 20-30 years. Because of 
the lead times required in establishing even terrestrial resource operations, 
theoretical development and exploration over the next decade is likely to be 
decisive in choosing the first resource sites used to support space operations. 

One important resource, oxygen, is ab\mdant in many lunar minerals, a^ 
can be extracted via molten electrolysis^ and possibly other techniques”. 
Other than oxygen, the key uncertainties for extraterrestrial resource opera- 
tions involve the reducing agents hydrogen and carbon, the concentrations of 
which in known lunar materials are insufficient to be economically useful. 
Consequently, the most important issue for the investigation of planetary 
volatiles from the point of view of space resources is the possible presence 
of H and C in concentrations of 1-10 wt % or greater in unexplored regions of 
the Moon or on accessible asteroids. 

The possibility of lunar permafrost in permanently-shaded polar crater 
floors has been advanced*, and some meteor! tic materials thought to be related 
to C-type asteroids have been found to have a component of water and carbon 
with non-terrestrial origin , Limited exploration, combined with sound theo- 
retical development, could result in the discovery of economically Important 
reservoirs of volatile elements on the Moon, asteroids, and elsewhere. 

The importance of potential extraterrestrial volatile resources is 
described, along with possible methods of locating valuable reservoirs. Some 
areas of scientific oonslf'>>'ration are suggested which would be most helpful in 
determining and advaneih?^ the viability of extraterrestrial resources by 
reducing the costs of certain high-volume space operations. 
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OPERATIONAL USES i'OR VOLATILE ELEMENTS 


PROPULSION. ESP. O 2 AND Hg. POSSIBLY WITH C 

- USING L0X/LH2. 60% OF CURKE-BOUND LEO MASS IS LOX FOR 

ADVANCED CHEMICAL PROPULSION 

- LOX/LH 2 /CHX REDUCES TANKAGE MASS. INCREASES PROPELUNT MASS, 

A POSSIBLE STEP 

- TOTAL MASS 2-3 TIMES USEFUL PAYLOAD MASS FOR MOST COMMON OPERATIONS 

- 100-700 t/yr BY 2000 if traffic trends as predicted 

- POSSIBLE UTER INTEREST IN Ar FOR ELECTRIC PROPULSION 

LIFE SUPPORT 

- 1-2 kg O 2 /PERSON/DAY IF CO 2 NOT RECYCLED 

- N 2 LEAKAGE MAKEUP (LESS THAN Og CONSUMPTION) 

- 10-20 t/yr BY 2000 IF AO PEOPLE CONTINUOUS. RECYCLED CO 2 


OTHER 

- PROCESS REAGENTS 

- MILITARY USERS 

- TBD 

- DEMAND UNCERTAIN 



CURKE ORBIT TRAFFIC 
VITAL STATISTICS 


• TOTAL 71 TONNES. 131 SATELLITES. 196A-1981. EXCLUDING USSR 

• OPERATIONAL CIVILIAN COMMUNICATIONS - 2A.6 t ) 

> 60% 

" MILITARY " - 17.7 t ) 

• 1985 SCHEDULED UUNCHES 30-A0 t TOTAL* 

• 1981. 82 ACTUAL AND SCHEDULED 10-12 t TOTAL* EACH YEAR 

• COMMUNICATIONS SATELLITE OPERATOR GROUP RAPIDLY GROWING 

- NEW U.S. CORPORATE CARRIERS 

- EUROPUN GOVERNMENT/CORPORATE CARRIERS 

- DEVELOPING COUNTRIES AND REGIONAL GROUPS 


•NOT CONSIDERING ARIANE L-05 FAILURE 
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ANNUAL TRAFFIC TO CLARKE ORBIT 



ALL POINTS SHOWN ARE ACTUAL, EXCEPT 1982, AS NOTED. TREND 3 IS SIMPLY TREND 2 WITH 
255^ ADDED TO ACCOUNT FOR NON-CC TRAFFIC. BAR 4 IS FROM A SPACE STATION TRAFFIC PRO- 
JECTION AND IS IN NEAR AGREEMENT WITH OTHER PROJECTIONS FOR 2000. HOWEVER, NO SUCH 
PROJECTION SHOULD BE TAKEN FOR FACT. GROWTH SHOWN HERE IS SIMILAR TO HISTORICAL 
GROWTH FOR OTHER NEW COMMUNICATIONS CAPABILITIES, BUT A VARIETY OF CONDITIONS COULD 
SUBSTANTIALLY INCREASE OR DECREASE ACTUAL TRAFFIC (SEE NEXT 2 CHARTS). 
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CURKE ORBIT TRANSPORTATION 


• PRESENT OPTIONS (prices dependent on launch year, customer services/ 

use as ROM only) 

- U.S.: Delta (600 kO/ $:^0M)/ Atlas Centaur (1100 kg/ $50M)/ 

STS/PAM-D (600 kg/ $15-25M)/ STS/PAM-A ('^1200 kg, '^$A0-50M)/ 
STS/IUS ('^2/300 kg/ '^$130M) 

- E.C.; Arlane (-^1/000 kg/ '''$20-30M) 

- JAPAN: DELTA-DERIVATIVE 

- $3/ 000/kg TO LEO ON STS 


• DEVELOPING OPTIONS 

- SHUTTLE: lUS TOO EXPENSIVE FOR COMMERCIAL USERS 

CENTAUR CAPABILITY 5/000-6/000 kg, t lOOM? 

- ARIANE: AGGRESSIVE MARKETING/ DEVELOPMENT OF GROWTH CAPABILITY/ 

POSSIBLE COST REDUCTIONS. 2/000-3/000 kg 1986-1988 


LIKELY TOGETHER 


• FUTURE POSSIBILITIES 

- ORBIT-BASED REUSABLE ORBIT TRANSFER VEHICLE (OTV) ) 

- AERO-ASS I STED OTV j 

- ARIANE TO 5/000 kg 

- SOUR- OR NUCLUR-ION LOW THRUST (REVENUE LOSS/ SOUR CELL DEGRADATION) 

- TETHER-ASSIST (>20 y) 



FACTORS INFLUENCING CURKE ORBIT TRAFFIC 


• CUSTOMER DEMAND 

- TRADITIONAL POINT-TO-POINT (TELEPHONE/ DATA/ TV: INTELSAT/ COMSAT GENERAL/ 

AT&T/ RCA/ AN IK/ PAUPA/ ETC.) 

- MARITIME 

- DIRECT BROADCAST 

- MOBILE SERVICE (UND COMMERCIAL/ AERONAUTICAL) 

- VIDEO TELECONFERENCING 

• UUNCH VEHICLE THROUGHPUT CAPACITY 

- CAPACITY-LIMITED THROUGH 1986-1990 

- POSSIBLE PRIVATE UUNCH VEHICLES 

- CONGRESSIONAL VS. COMMERCIAL STS FLEET SIZE SELECTION 

- STS UPPER STAGE SELECTION (COST VS. MASS-TO-ORBIT) 

- UPRATED ARIANE (A AND 5) DEVELOPMENT 

• UUNCH VEHICLE RELIABILITY 

- INSURANCE COSTS/ RISK EXPOSURE 

- UNCERTAINTY OF ARIANE L-02/ L-05 FAILURES 
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FACTORS INFLUENCING CLARKE ORBIT TRAFFIC (continued) 


• REGUUTORY UNCERTAINTY 

- INTERNATIONAL ALLOCATIONS OF SLOTS AND FREQUENCIES 

- DOMESTIC ALLOCATIONS 

- DIRECT TV BROADCAST TREATIES 

• OTHER UNCERTAINTIES 

- PETROLEUM PRICES 

- INTEREST RATES 

- TECHNOLOGY ADVANCES 


CLARKE ORBIT TRANSPORTATION 


• PHYSICAL PARAMETERS 

- LEO 370 km. i = 28.5°; Clarke 35.900 km. 1 “ 0° 

- = ^.3 km/sec = characteristic velocity 

1 ^,3 km/sec * all propulsive 
2.0 km/sec = aerobraklng (drag only) [best choice] 
1.6 km/sec = aeromaneuverlng (lift and drag) 

- rocket equation: 

propellant mass m^ / av \ 
delivered mass “ m|: “ \^eff / 


Cg^|: “ effective exhaust velocity '^3. A-i». 5 km/sec 


• ACTUAL STAGES 

- m^ = tankage + guidance + structure + useful payload 


" IHlox 

•"LH2 


6 


m (propellant) 2.5 expendable 

m (useful payload) 3.8 aerobraklng. all propellant from LEO 

3.2 aerobraklng. return propellant delivered 
to Clarke orbit 
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ACCESSIBILITY IN THE INNER SOUR SYSTEM 


Location 

Min. AV 
to LEO* 
(km/sec) 

Time of 
flight 
(ballistic) 

Frequency of 

Opportunity 

(ballistic) 

Distance 
from Earth 
(llQht time) 

Distance 
from Sun 
(AU) 

Rotation 

Period 

1982 DB 

0.1-0. 5 

2-8 mo 

2-10 yr 

1 

0.5-20 min 

0.9-1. 2 

7 hr 

Near-Earth 

Asteroids 

0.5-2 

2-20 mo 

2-5 yr 

1-20 min 

0.8-2 

? hr 

Earth 

Trojans** 

<1 .4-2 

0.8-2 y 

continuous 

4-10 min 

1 

7 hr 

Phobos 

Deimos 

M.5-2 

0.5-2 y 

1-2 y 

5-20 min 

1.4-1. 7 

8-31 hr 

Lunar 

Surface 

3.2 

3-5 d 

continuous 

'o 2 s 

1 

2B d 

Mars 

Surface 

5.6 

0.5-2 y 

1-2 y 

5-20 min 

1.4-1, 7 

25 hr 

Earth 

Surface 

8.2 

10-15 min 

continuous 

- 

1 

24 hr 


*With aerobraking in Earth atmosphere prior to orbit insertion 
♦♦Speculative 

ALL SITES SHOWN ARE OF POSSIBLE INTEREST. IF WATER EXISTS NEAR THE LUNAR SURFACE {SEE LATER CHARTS), THE 
MOON WILL ALMOST CERTAINLY BECOME THE FIRST SITE OF COMMERCIAL RESOURCE EXTRACTION. THE FIRST THREE ACCES- 
SIBILITY CRITERIA (AV, TOF, FOO) ARE THE MOST IMPORTANT, AND SINCE NO BODY EXCELS IN ALL THREE, COMPLEX 
COMMERCIAL TRADEOFFS WILL EXIST. NOTE THAT TRANSIT ENERGY VARIES AS THE SQUARE OF AV, WHILE PROPELLANT 
REQUIRED IS AN EXPONENTIAL FUNCTION OF AV. 
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CLARKE 


LEO - LOW EARTH ORBIT 200-400 km 

CLARKE - GEOSTATIONARY EARTH ORBIT (GEO) 35,900 km 

LLO- LOW LUNAR ORBIT 100-200 km 

ab - WITH AEROBRAKING (DRAG ONLY) 

am - WITH AEROMANEUVERING (LIFT AND DRAG) 




CLARKE ORBIT TRANSPORTATION 


PROPELUNT REQUIREMENTS 


- CIVILIAN COMMUNICATIONS ONLY. Cgff - 4.5 km/sec. AERO-ASSIST OTV 

(4.3. 2.0 km/sec). mLox/mLH 2 “ NO BOILOFF PROVISION 

- NO TERRESTRIAL PROPELLANTS AFTER INITIALIZATION 


Useful Payload 


Produa Wr - k -e 


to Clarke Orbit LOX LHo LOX,, l-Ho 
YEAR (t) (t)£ (t) ^ 


LOX, LHr 
ill 


LOX LHo 
(t) ^ 


1995 

62 

202 

33 

477 

79 

160 

27 

10 

1.7 

2000 

163 

531 

88 

1260 

209 

421 

70 

27 

4.4 

2005 

427 

1390 

231 

3290 

547 

1100 

184 

70 

11.5 


COMPARISON OF TERRESTRIAL vs LUNAR MASSES OF REQUIRED PROPELLANT. PRODUCTION 
ON LUNAR SURFACE IS GREATER THAN SUM OF PROPELLANTS DELIVERED TO LEO AND CLARKE 
ORBIT BY AMOUNT EQUAL TO THAT USED IN CIS-LUNAR TRANSPORTATION OF PROPELUNT 
PRODUCT. 
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KNOWN VOLATILES SOURCES OF POTENIIAL OPERATIONAL IMPORTANCE 


Body 

Near-Earth 

Asteroids 

Earth 

Trojans* 

Phobos/ 

Deifnos 

Moon 

Mars 

Earth 


Volatile Elements of OperatlQnQi Jnter.esl 


0 

H 

C _ 

N 

Ar 

probable 

0 

• 

? 

9 

• 

no 

9 

» 

7 

? 

? 

no 

probable 

? 

7 

9 

« 

no 

. 





30-50% 

10-100 ppm 

trace 

no 

9 

abundant 


polar caps 


CO 2 


2.7Z 


1 . 6 X 


|h 20 vapor 


atmos. 


atmos. 


atmos. 

1 yes 1 

yes 

yes 

yes 

1 1 

yes 


*riot discovered 

I *** I ■ known quantities have operational potential 

’see S. Jovanovic and G.W. Reed^ Jr.^ "Trapping of Gases and Low Temperature Volatiles 
In Lunar Samples/' this volume. 
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SPECUUTIVE VOLATILES SOURCES OF POTENTIAL OPERATIONAL IMPORTANCE 
r (ordered by ANTITICPATED OPERATIONAL SIGNIFICANCE IF DISCOVERED) 

• LUNAR POLAR WATER (ICE) 

- SUGGESTED BY WATSON. MURRAY. BROWN 

- NO EVIDENCE FOR OR AGAINST 

- DISAGREEMENT ON QUANTITY AND LOSS MECHANISMS 

- "IDEAL" SOURCE FOR H AND 0. SIMPLE EXTRACTION AND PROCESSING 

• EARTH TROJAN ASTEROIDS 

- EXISTENCE POSTULATED (WEISSMAN AND WETHERILL). THEORETICALLY STABLE 

ORBITS (DUNBAR) 

- LOW TRAJECTORY ENERGIES. LOW THRUST; WEIGHT 

- LONG TRANSIT TIME BUT CONTINUOUS FLIGHT OPPORTUNITIES 

• NEAR-EARTH ASTEROIDS 

- 59-60 KNOWN* 

- AT LEAST A WITH AV COMPARABLE TO LUNAR SURFACE. PROBABLY DOZENS 

WITHIN DETECTION LIMITS 

- SPECUUTIVE COMPOSITION PARALLELS METEORITES 

• LUNAR SUBSURFACE GAS 

- HIGHLY SPECUUTIVE AND CONTROVERSIAL 

- H AND C SUGGESTED 

- SPECIFIC SITES SUGGESTED 

- NO HIGH-QUALITY EVIDENCE 

- DIFFICULT EXTRACTION. POTENTIALLY SIMPLE PROCESSING 


*AT TIME OF PUBLICATION 
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RESOLVING THE KEY RESOURCE UNCERTAINTIES 


• LUNAR ICE 

- POLAR ORB I TER 

- y-RAY spectrometer. ELECTROMAGNETIC SOUNDER (100-150 MHz) 

- VERY SIMPLE SPACECRAFT. LARGE LAUNCH MASS MARGINS 

- ALTERNATIVE TO INTEGRATE WITH SCIENCE-ORIENTED LPO OR POLO 

• EARTH TROJANS 

- ONGOING GROUND-BASED SEARCH (DUNBAR. HELIN) 

- SIMPLE SEARCH SPACECRAFT POSSIBLL IF NO TELESCOPIC S';jCESS 

• HELIOCENTRIC. NEAR-EARTH ASTEROIDS 

- ONGOING SEARCH AND DISCOVERY (e.g.. HELIN. gt OL.) 

- ONGOING SPECTRAL CHARACTERIZATION (e.g.. McCORD. £t q1. ) 

• LUNAR GAS RELEASES 

- GASEOUS ORIGIN OF LUNAR TRANSIENT PHENOMENA NOT CONFIRMED 

- NO ONGOING CONFIRMATION 

- NO ONGOING SPECTRAL INSTRUMENT READINESS 


-|1U 

IS THERE WATER AT THE LUNAR POLES? 


• NO REAL EVIDENCE. FOR OR AGAINST. EXISTS REGARDING THE PRESENCE OF LUNAR POLAR ICE. 

• PERMANENTLY SHADOWED GRATERS EXIST AT LATITUDES HIGHER THAN -^70°. COVERING ABOUT 

0.52 OF TOTAL LUNAR SURFACE. SURFACE TEMPERATURES ARE IZO^K AND BELOW. AT 
WHICH SEVERAL METERS OF WATER ICE ARE STABLE OVER BILLIONS OF YEARS 
(WATSON. MURRAY. BROWN. 1961). 

• SOURCE OF WATER: PRESUMABLY OUTGASSING DURING AND AFTER DIFFERENTIATION. RELEASED 

WAT£R DOES NOT ACHIEVE ESCAPE IMMEDIATELY. AND SOME MIGRATES TO COLD POLAR 
SURFACES FROM ALL UTITUDES. 

• THEORETICAL LOSS MECHANISMS (SUBLIMATION. METEOROID IMPACT. SOLAR WIND BOMBARDMENT. 

ETC.) REMOVE A SMALL FRACTION OF TOTAL EXPECTED J£ PROPOSED SOURCES 
ARE ACCURATE. 

• IF ICE EXISTS. IT WILL AL/10ST CERTAINLY BE ALL HgO. AND WILL BE PRESENT IN 

OPERATIONALLY LARGE (he. MANY DECADES' SUPPLY) QUANTITIES. 
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MISSION CHARACTERISTICS 

• SPIN-STABILIZED. 300-kg SPACECRAFT 

• 2-MONTH MISSION 

• APOLLO SPARE y-SPECTROMETER. SIMPLE EM SOUNDER 

• MINIMAL NEW FACILITIES 


COST AND COMPLEXITY 

• SINGLE MISSION OBJECTIVE 

• TWO INSTRUMENTS. LOW DATA RATE. ON OR OFF. OMNI ANTENNA 

• IN-PRODUCTION PAM-D STANDARD INJECTION STAGE. STS-QUALIFIED. 

LARGE MASS MARGIN (500 kg) 

• SHORT MISSION. NO INSTRUMENT SEQUENCE PUNNING 

• LOW DATA QUANTITY. MODEST PROCESSING REQUIRED 

• FREQUENT UUNCH OPPORTUNITIES. COMPATIBILITY WITH OTHER SHUTTLE PAYLOADS 

• TOTAL PROJECT COST $70 M 


(from C. Uphoff. R. Staehle. and D. Skinner) 
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EARTH TROJAN SEARCH TRAJECTORY 


ORBIT 

EARTH 


110 ° 



(FROM DAVID F, BENDER) 


A GROUND-BASED SEARCH FOR EARTH TROJAN ASTEROIDS IS IN PROGRESS. BUT VIEWING 
CONDITIONS ARE DIFFICULT. A SIMPLE SPACECRAFT COULD FIND OBJECTS BELOW THE GROUND-BASED 
DETECTION THRESHOLD. USING A TRAJECTORY SHOWN HERE SCHEMATICALLY. 

THE SPACECRAFT (NEXT CHART) CARRIES AN INSTRUMENT TO SLOWLY SCAN THE SKY OUTWARD 
FROM THE SPACECRAFT ORBIT. ALLOWING NEARLY FULL-PHASE DETECTION OF ANY ASTEROIDS. 
SPACECRAFT DATA YIELD GROSS DIRECTION AND ORBITAL VELOCITY. FROM WHICH NARROW-FIELD 
GROUND-BASED INSTRUMENTS SHOULD BE ABLE TO RECOVER NEW OBJECTS. 



EARTH TROJAN SEARCH CONCEPT 
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BREAKEVEN THRESHOLD 
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• OPERATIONAL 


( Earth launch mass to deliver 
mass M of equol quality from 
non-terrestrlol source 



Earth launch mass to 
deliver mass N from 
ground 


'Includes 'capital* •• moss Invested in exploration^ testi 
setups and maintenance 


• COHHERCIAL 

Haterlol of non-terrestrlol origin con be delivered to the customer 
at the customer's specified destination on date specified for a price 
lower than that for which the customer con obtoln the best terrestrial 
alternative^ with the resource system operator able to realize a 
proflti" 


"Profit calculations must Include cost of rlsk< Interest on capltaL 
and depreciation^ as well as all direct operating cost. 


Operational threshold Involves a strolghtforwurd engineering calculotlon 
based on technical assumptions which moy be os conservative as desired. 
Estimate of this region for lunar operations Is shown on Annual Traffic chart. 
Conmerclol threshold Is much more difficult to predict, Analysis Is presently 
focused on narrowing the uncertainty of predicted operotlonol thresholds ofter 
which commercial analysis will begin. Commercial breakeven now appears con- ' 
celvable shortly after 1995, end likely by 2010. In the end, only profitable 
operations, following years of investment planning. Pilot operotlons and 
market testing, will prove comnerclally breakeven. 


CONCLUSIONS 


• SPACE OPERATIONS ARE EXPANDING RAPIDLY 

• SPACE TRANSPORTATION WILL REMAIN C0STLY> PROPELLANT MASS DOMINATES 
6E0P0TENTIAL WELL MAKES TERRESTRIAL MATERIALS EXPENSIVE TO OBTAIN IN 

SPACE, AND MAKES OTHER SOURCES APPEAR ATTRACTIVE 

• VOLATILE ELEMENTS 0, H, AND POSSIBLY C OF PRINCIPAL INTEREST 

. EMERGING ECONOMIC INCENTIVE TO FIND AND UTILIZE VOLATILE SUBSTANCES 
ON ACCESSIBLE BODIES 

•• CERTAIN DISCOVERIES COULD SPEED SPACE RESOURCE UTILIZATION AND CONSEQUENT 
BENEFITS TO MOST MAJOR SPACE OPERATIONS 
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KEY QUESTIONS 


• DO THE FOLLOWING EXIST? 

- WATER ICE AT THE LUNAR POLES 

- EARTH TROJAN ASTEROIDS. WITH 0. H. AND/OR C 

- HELIOCENTRIC NEAR-EARTH ASTEROIDS.* WITH 0. H. AND/OR C 

- SUBSURFACE LUNAR GAS RESERVOIRS. WITH H OR C 

• HOW DO WE FIND THEM. OR CONFIRM THEIR NON-EXISTENCE? 


•SUBJECT TO COMPLEX ACCESSIBILITY CRITERIA 


Investioators in fields related to planetary volatiles must answer tliese 
questions while working with ejiglneers. corporate managers, and finan- 
ciers. before space resource utilization will become a commercial reality, 
Directed space science research will become an emerging interest in the 
buslnasy community. 
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CHEMISTRY AND EVOLUTION OF TITAN’S ATMOSPHERE* Dfcrrell F. StrotJelj 
Naval Research Laboratory, Washington, D.C. 20375 
The chemistry and evolution of Titan’s, atmosphere is reviewed in li^t of 
the scientific findings from the Voyager Mission, It is argued that the 
present N 2 atmosphere may be Titan’s initial atmosphere rather than photo- 
chemically derived from an original NHo atmosphere, The escape rate of 
hydrogen from Titan is controlled by photochemical production from hydrocar- 
bons. CHi| is irreversibly converted to less hydrogen rich hydrocarbons, 
which over geologic time accumulate on the surface to a layer thickness of 
~ 0.5 km. Magnetospheric electrons interacting with Titan's exosphere may 
dissociate enough N 2 into hot, escaping N atoms to remove o,2 of Titan's 
present atmosphere over geologic time. The energy dissipation of magneto- 
spheric electrons exceeds solar EUV energy deposition in Titan's atmosphere 
by an order of magnitude and is the principal driver of nitrogen photochemis- 
try. The environmental conditions in Titan's upper atmosphere are favorable 
to building up complex molecules, particularly in the north polar cap region. 


Planet. Space Sci. , 3D, 839-848, 1982. 
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BUBBLE DIFFUSION AND COMPOSITION OF INERT GASES 
ON VENUS. A.S. Tamhane and G.W. Wetherill, Department of 
Terrestrial Magnetism, Carnegie Institution of Washington, 
Washington,, D.C. 20015 

The inert gases Ne and Ar have been observed to be more 
abundant on Venus by a factor of about 100 compared to Earth 

(1) , One proposed hypothesis is that the inert gases were 
implanted, during the waning phase of a T Tauri stage, by an 
enhanced solar wind bombardment of the inner edge of a 
protoplanetary swarm. Material from the inner edge was then 
preferentially incorporated into Venus rather than the Earth 

(2) . The present day solar wind ratio of ^®Ne/^^Ar is, however, 
'vlOO times higher than that observed in the atmosphere on Venus. 
This implies that a mechanism that would retain argon more 
efficiently than neon must be identified. Here we investigate 
the physical conditions under v^hich one such mechanism, bubble 
diffusion (3), may give rise to fractionations similar to those 
observed. 

Since 2°Ne is depleted by a factor of ^*100 with respect 
to it is obvious that mojv'e than 99% of ^°Ne is 3,ost from 

the grains. If this loss occurs in the form of bubbles, the 
bubble precipitation must take place at least up to the depth 
in the grains which corresponds almost to the end of the range 
of 2°Ne ions. It can occur only when the sputter erosion is 
low and the grains are saturated with implanted inert gases. 

This would require a solar wind bombardment of individual 
members of the <1 cm-diameter debris for a period of 'uioo years, 
assuming a flux enhanced by a factor of 500. 

Bubble diffusion leads to fractionations in which heavier 
nuclides are enriched with respect to lighter ones. Assioming 
the energy of the primordial solar v;ind particles were equal 
to the present values, enrichment of ^®Ar by a factor of 'x»100 
with respect to would lead to a simultaneous enrichment 

of Kr with respect to j^y ^ factor of about 1.4. Analysis 

of Pioneer data suggests that the upper limit to Krypton mixing 
ratio most likely represents a measured concentration (4) . The 
value of the most probable mixing ratio for Kr is 47 ppb which, 
if it is solely of solar wind origin, leads to an enrichment 
factor of 3.3, in disagreement with the prediction. 

If the Pioneer measurement represents an actual detection 
of Kr, rather than an upper limit, one possible way of accounting 
for the higher enrichment factor would be to assume that the 
solar wind energy during the waning phase of the T Tauri stage 
was different than at present. If a higher energy is postulated, 
calculations indicate that the energy must have been in the 
range 20 Kev/n < E 100 Kev/n. Whether such an assumption can 
be justified is an open question. Some T Tauri stars exhibit 
rapid fluctuations in the ultraviolet, which are ascribed to 
the superposition of many simultaneous small flares (5) . A 
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flare model based on this observation for the T Tauri stars 
could possibly provide a basis for the assumption (6). 

Calculations are being made of the expected ^^Ar/Kr and 
22fje/2Q|qe fractionation at various energies in order to 
determine if there is an energy range for which the bubble 
diffusion mechanism is consistent with observation of inert 
gas abundances on Venus, 
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WHAT ARE THE VOLATILES LIKE INSIDE THE EARTH? Karl K. Turekian, Department 
of Geology and Geophysics, Yale University, Box 6666, New Haven, CT 06511. 

If we start with the premise that the carrier of volatiles to the accu- 
mulating earth was similar to C-1 carbonaceous chondrites, then the deter- 
mination of the distribution of volatiles in the earth can be made based on 
measurements made at the earth's surface. Heat flow measurements, Nd, Sr 
and Pb isotope systematics, and radiogenic and stable isotopic abundances of 
some of the rare gases combined with the oxidation state of mantle-derived 
rocks yield information for a moderately self-consistent picture of the rare 
gas, water ana carbon content of the earth's interior. 


ORIGINAL PAGE B 
OF POOR QUALITY 


c 


3 



188 


OfWQfNAC PIkm 

POOR omim 


ANCIENT .ATMOSPHERIC ARGON IN CHERTS. 

G. Tumor, C.K. Jones and A.Vf. Butterfield, Phyaica Department, 
Sheffield University, Sheffield S3 7RH, U.K. 


The outeasaing rate of atmospheric noble gaaoa can in principle be 
inferred from a knowledge of the variation of the atmoapheric {AOKv/"!^Av) 
ratio as a function of tim-A-t In an attempt to determine the composition of 
atmoapheric argon in the past we are carrying out an analytical programme 
involving the analysis of argon extracted from cherts and silicified plants. 
The samples analysed include onee which have been subjected to neutron 
irradiation in order to use the 40Ar-39Ar technique to correct for In situ 
decay of 40K in addition to providing chronological information. Aa well as 
attempting to determine the (40Ar/3bAr) ratio our aims have been to 
provide a systematic understanding of the way in which atmoapheric gases are 
incorporated in chert and to investigate the likeldhood of inferring sensible 
values for the isotopic composition. 

In our preliminary work we have analysed twenty discrete samples from ten 
individual spocimens. The specimens consisted of four silicified plants and 
two cherts with ages ranging from Permian to Eocene, and four ancient cherts 
from the Precambrian. Tne rationale beiiind the analysis of the recent cherts 
(In addition to seeking to demonstrate the presence of atmospheric argonj was 
to see whether they would indeed yield a sensible value for the composition of 
the (modern) atmosphere, or whether they would be seriously affected by such 
processes as mass fractionation or the incorporation of excess radiogenic 
argon. Clearly if it is not possible to use cherts to determine the (known) 
composition of today’s atmosphere there is little point in making strenuous 
efforts to use them to determine the composition of the ancient atmosphere. 


The 'recent' specimens have ages ranging from 50 Ma to 250 Ma and all 
contain significant amounts of dissolved argon. Concentrations of ’oAr 


range, from 7x10- 
(19 y 7) observed 


ccSTP/g to 3x10-8 ccSTP/g. For comparison Cadogan 
a concentration of 2.5x10-” ccSTP/g in Rhynie chert. 

j n j ^ _ -T» _ j - 1- * • • j 1 • _ 


The 


equilibrium solubility of atmospheric argon in terrestrial surface waters 
corresponds to concentrations roughly a factor of 100 greater than this fi.e. 
from 10-0 to 2xl0-o ccSTP/g). Since cherts typically contain structural 
and non structural water at the level it seems likely that the argon wo 
find in the cherts was originally dissolved in the ground water responsible 
for the silicif ication and was simply trapped during silicif ication. 


The argon has been analysed during stepped heating experiments and shows a 
characteristic bimodal release pattern with major release (75^) ^t 
temperatures in excess of 12000C, indicative of the fact that a major 
component of the gas is very strongly bound within the chert, and is not (for 
example) simply adsorbed from the present day atmosphere. Cadogan' s Rhynie 
chert data shows a similar release pattern which may be a useful diagnostic 
feature in future attempts to identify ancient atmosphere in Precambrian 
samples. Estimates of diffusion coefficients and activation energies suggest 
that argon should be retained in cherts for times of the order of 1000 Ma or 
greater -rovided they are not subjected to temperatures in excess of 2 - 
3000C. interpretation of diffusion data in a simple minded way is clearly 
suspect, nevertheless the analysis does suggest, qualitatively at least, that 
dissolved atmospheric argon is only likely to be found in those Precambrian 
samples which have escaped all but the mildest metainorphism. 

Neutron activation provides a means of determining concentrations of K, Ca 
and Cl, by way of neutron reactions which produce 39Ar, 37 Ar and 38Ar 
respectively. K concentrations in the modern cherts are all low, from 40 to 
220 ppm. Corrections for radiogenic argon are therefore small. The 38Ar 
data xs of interest since it provides a possible way of investigating the 
pa 1 a eo environment of the samples, by way of the 01/36 Ar ratio. In modern 
sea water this ratio is around ($ - 10)x106 at/at. In four of the samples 
analysed the measured ratio covers the range (l - 2)x10o, while in the 
remaining two Eocene samples (a silicified peat from the Albany cotil basin, 
and Quincyte, a dolomite replacement chort.from Mehun aur Yeure, France) the 
ratio was much lower, 0.14xi06 and 0.13x106 respectively. If the 
' aolubility/trapping mechanism postulated to account for the amounts of 
dissolved argon xs correct, one might expect a similar mechanism to opei'ate 
for chlorine though possibly with somewhat different efficiency due to 
chemical and ionic radius differences. This being so we are led to interpret 
the high Gl/36Ar ratios as an indication of silicxfication under saline of 
marine conditions and the low ratios as an indication of freshwater 
conditions. This interpretation is consistent with our present knowledge of 
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the palaeoenvironmenta of the aampXea analysed. 


The reoent aampleu were, apart from a eilicified fern atem from the 
Permian of Autun in Prance, confined to a narrow age range from 50 to 150 Ma. 
A global plot of all the data gave a beat fit (40Ar/3oAr) ratio of 296.2 
1.5 which ia within error the aame aa the modern atinoapheric value of 295T5. 

sample contained the amalleat amount of gaa and the 
(40Ar/36Ar) ratio of 295 + 14 ie far too impreoiae to distinguish between 
the modern value and a vaTue of 294.0 + 1 .5 for the Permian which ia implied 
by Gadogan a data. While^it.is not po'ffsible to make any inferences about the 
m\.e of change of (40Ar/5oAr) from theae moaauremonta they are encouraging 
in that they appear to indicate that effeota of maaa fractionation or the 
incorporation of exceaa radiogenic argon are unlikely to be a major problem 
and provided the appropriate aamploa can be located there appeara to be no 
fundamental obatacle in the way of uaing cherts to determine the isotopic 
composition of ancient atmoaphoric argon. 


Tho Precambrian aamplea analysed ir, the preliminary study, a stromatolite 
from the Gunflint, and three blaok cherts (Bangemall, Hamoraley and 
Cnverwacht)t gavo no indication of dissolved atmospheric argon, and provided 

uunflint sample from the 
m K ana oasea on a rather impreoiae isochron 
Throe Onverwaoht samples 
higlior than the published 
An examination of 

similar tend on oy towards higher than expected ages and lead us to suspect the 
possibility of 59Ar loss due to recoil Curing neutron activation. Thia 
eftoct has been confirmed by our moat recent experiments in which aamiilea ut 
Gvmflint from the Sohreibor Beach locality were irx'adiated in evacuated quarta 
ampoules. Analysis of the argon in the ampouloa indicatisd that around 12^ of 
the jvkv was lost from tho samples during ix-radiation. 


some llraite<5 chronological information only. The 
Mink mountain area contained 45ppm K and based on 
had apparently been outgasaed llao + loO Ma ago. 
gave txpparent ages close to 4000 MaT considex'ably 
Siu-Nd age of 3540 + 30_MaT Hamilton et al., 197§1< 
previously pullish'^ 40Ar/59Ar ages of cherts (Ai( 
similar t end enoy_ towards higt 
possibility of 59Ar loss due to 


In this most recent study seven tvunples of Gunflint have so far been 
analysed, two un.^rradiated and five irradiated. Stepped heating of the 
uuix'radiated namploa revealed the 'diagnostic ' high temperature release of 
5bAr and xv concentration of around 4x10-9 ccSTP/g. Because of recoil loaa 
it 13 clearly not meaningful to att'vsipt to interpret stepped heating analyses 
of irx'adiated samples. Potentially the only meaningful data to use in isotope 
mixing diagrams (in order to separate radiogenic and atmpsphex'ic 40Ar) are 
total gaa ratios or possitly 'total gas less a (sjiiall) correction for low 
teinperature release of modern air ax’-gon. Unfortunately the data so fur 
obtained does not indioate a simple binax'y mixture of radiogenic and 
atmospheric. Two samples- from the. same chert cobble show clear indication of 
excess argon (high 40Ar/5oAr x'atio). Excess argon ia leas evident in the 
two unirradiated samples and the other three irx'adiated samples, nevertheless 
it is not possible to infer a unique age and 40Ar/36Ar ratio. Based on 
the samples with the least evidence of excess argon we can infer an 
40Ar/3oAr^ ratio based on an ns sum ed age for the Gunflint. The x'atio 
infox’red is in the range 296 (i.e, modei'n), for an assumed age of 1900 Ma, to 
260, lor an assumed age^of 2200 Ma. These values are only consistent v* n low 
rates of outgassing or 40Ar over the past 2000 Ma, viz. <3.3x105 
utoins/om2/sec. Gadogan' s data on Rhynio chert corresponds to a mean 
outgassing x*ate of (2.5 1 .0)x105 atoms/emS/ sec over the past 400 Ma. 

Until the source of exce“ga argon in, the Gunflint samples is isolated the 
calculated ratios can only be regarded aa upper limits. Work is continuing on 
this problem. 
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BUFFKHINQ OF KiE llYDROBPIIRRN-ATMQOmNHK 
HADEAN 1'WS, J, Vels@r, Unlv®i»8ity of Ottitwa, 


Tlu' »tJt^aay states, buffe^x'ine; th» oowfoaitiuu of tUb 

pjHnu'nl Bay oeoansi is omiifollsd by ib» following flUKOsi (a) 
vHMiUntmial aiSi'hargo-Fp> W iiiioxmeUmi bsiwoou aoaw&m' 

aovi basalt s of ibe oooanio oxaiafc prsOomlnanUy, but not axolu« 
iUvol.y* la hydrothomal aoUs oa mld-oooani« fidgos«FMi tad 
U') of Uux via, and latoxmetloa with, sodlineats«Fs » I'oday, 
dosplto elainuH to ttio ooatx^ax'y, likoly outwolgbs Fjs} as tbo 
mv>at linpoutaut ooatu'olling factox" of aeawatex' ooiuposltioa. tTMa 
Is woil domomUx'ated fox' txmooas wiWi dlffoxtU^C ^rjigaatunoa fox' 

1 tu'so two fluxon. Pox* oxamplo, tho oTrp/ooSx* of P^x :la d.'fli aud 
of Pm Is 0,invi, fhus, a x'olativo iJVteaaity of la 

uouuiaod to px'oduao tdu' aoawatoi* i'at>io of 0*?00» Xu goologlual 
past tho Intoiuilty of l\s was px'opox't ioaal to tbo aliso of %\w 
ooutiuouta, wbox'oaa tbai of Pjvi to tbo txnn'oatx'lal boat flow» 
douaouuoiitly* Uu* poiatlvo PcJPm iateaaltioa yax'iod duolng 
toi'x’oatolal oYolutlou, wHb tbo oax'ly atagea being dominated by 
Pjvi and ibo luibaoquont evolution by Rx' ixxotopo data auggeat 
that tlu' oi'oaaovoi* lutex'val between a mantlo and oontlx\en~ 

tixliy tPwl dominated ateady utatoa watu tdio late Ai'obean-'oax'ly 
feotei’oaoie period, Rueb an evolving aoenarlo ran explain tbe 
.U'tVK'd obemleal (Pe, Pe* ’*‘/Pe-’'’^, Mn, Ba, Br 1') and I 

seeular ti'enda obaex»vt*d for 
tlio obaex'ved aedimentologleal le.g, 
vu, fx'oteronoio xUielf xxequonoeu) , 
va mobile belted and metallogenetie 
oi'ea) patteinux ax'o entix'ely eonaiatent 


oi\i,U'rvpd 

■< o? /v'Ov 




aotople 
obemleal 


aed Iment a . Pux'ibermox* e , 
Ax'o bean vo I o an I e last i o a 
gtH^lv^g^ Oc!. I ( greenatonea 
'oaae metalaj Pe, B, Au 


with tbia outline 

iiu* recent diaoovex'lex^ of direct evidence foi^ exiatence of 
life since at least i.b Ga ago, coupled with tbe modern type 
cai*bou Isotope x*ecox'd, attest to the great antiqwlty of life and 
possibly v\xygen generating pbotosyntbeais. i'bus tbe emex'gence 
of tbe uigbly oxygenated atmospbex'e at •-vr'.O Ga ago may be a 
consequence of tbe diminialxlng effectiveness of oxygen sinks 
ireduced gases, Pe, Mn) dut* to declining P^, This la In cvux’- 
U'asl to conventional explanation, 
which relates tbe evtud to tbe emergence and rapid 
evelullen of oxygen generating biota during the early 
fx'oteroso Lc , 

In addition to tbe first orvler evolution of tbe hydrosphere 
-{iimospbexu', from mi Pm dominated, to the dv>mluat ed system, 

■ ‘ ' ' ‘ es tab U shed 


b'rgr/^^' 


second ordt'i* pt'riurbvnt^ions ( ^ lAd^^iGe 

for, the fbvanex'oaoic , '^’|ie covariance of seawalex* ,■* , 

‘"'^lUonrbooat.,^* « -’"Sauirato 

the flx*st direct evidence fox^ interact ions of oi'gnnlc and 
Inorganic cycles on geological time scales. Although a un 
model integrating all these pax'ameters Is not yet available, ibt 
results strongly suggest that this couplinpt Is tbe real 
controlling factor of oxygen atmospheric levels* 

Resvmler Is a medium which integrates and records global 


post-hadean atmosphere-hydrosphere 


Voizor J, 

responses to evolution and perturbations of the past geological 
steady states. This record, inscribed in chemical sediments, 
deserves attention commensurate with its potential and signi- 
ficance . 
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COMETAR'iS IMPACTS ON THE TERRESTRIAL PLANETS, Paul R. Weissraan, Earth 
and Space Sciences Division, Jet Propulsion Laboratory, Pasadena, CA 91109. 

Long and short-period comets are the major source of solar system volatiles 
still actively Interacting with the terrestrial planets. The cometary nuclei 
have been stored in the Oort cloud at distances up to 10^ AU from the sun since 
the formation of the solar system. Stellar perturbations from random passing 
stars bring the cometary perihelia into the planetary region where perturbations 
by Jupiter and Saturn then control their further orbital evolution. According 
to Whipple's (1950) icy conglomerate model the nuclei are heterogeneous mixtures 
of roughly equal amounts of frozen volatiles (predominantly H 2 O) and dust, a few 
kilometers in diameter. 

Impact rates for long and short-period comets are calculated for each of 
the terrestrial planets. Impact probabilities are found using the standard Oplk 
(1976) formulae for encounters with planets in near-circular orbits. For the 
long-period (LP) comets a hypothetical distribution of near-parabolic orbits, 
uniformly distributed in perihelion distance and randomly oriented over the 
celestial sphere, is assumed. For the short-period (SP) comets the Impact 
probabilities are based on the known sample of SP comets. Marsden (1979) has 
catalogued 113 SP comets of which 2, 9, 20, and 59 are Mercury, Venus, Earth, 
and Mars crossers, respectively. Results are shown in the table below. 

Long-period Comets Short-period Comets 




P 


V 

km s"^ 


Ni 


P 


Py 

yr" 

■1 

v 

km s' 

Mercury 

2.1 

X 

10"® 

81.2 

1 

1 

2.4 

X 

10"® 

5.5 X 

10-10 

41.5 

Venus 

3.7 

X 

10"® 

60.2 

5 

4 

1.3 

X 

10" 8 

2.0 X 

10"® 

39.6 

Earth 

2.2 

X 

10"® 

51.7 

13 

7 

6.6 

X 

10-9 

8.1 X 

10" 1® 

37.4 

Mars 

6.8 

X 

10"! 1 

41.1 

35 

24 

1.5 

X 

10" 10 

2.2 X 

10" 11 

20.9 


For the L? comets, 'p is the mean impact probability per comet per perihelion 
passage and v is the mean impact velocity. For the SP comets, N^. is the number 
of known planet-crossers of more than one apparition, is the number of one 
apparition planet-crossers, p is the mean impact probability per perihelion 
passage, Py is the mean per year, and v is the mean impact velocity. There is 
some uncertainty in the SP impact rates due to small number statistics, particu- 
larly for Mercury and Venus. 

The dynamical evolution of comets in the Oort cloud and the flux of comets 
entering the planetary region has been modeled by Weissraan (1982a) using Monte 
Carlo simulation techniques. If comets originated in the Uranus-Neptune zone 
and were subsequently ejected to the Oort sphere, then they rapidly diffused 
back into the inner solar system with flux rates during the first 5 x 10® years 
of the solar system's history up to 200 times the current flux. However, if 
comets originated farther from the sun on the fringes of the primordial solar 
nebula or even in satellite fragments of the nebula, then the enhanced early 
flux would be considerably less, possibly even less than the present observed 
flux. The integrated average flux over the history of the solar system could 
be as high as 30 times the current value for an origin in the Uranus-Neptune 
zone, or as little as 0.66 times the current flux for origin in nebula fragments 
at 10^^ AU from the sun. 

The total mass of LP and SP comets impacting the terrestrial planets can 
be found by multiplying the impact probabilities found above by the observed 
planet-crossing flux rate, the age of the solar system, the mass of the average 
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visible coraetary nucleus (7.3 x 10^^ g), and a completion factor of 1.12 to 
account for small, unobservable nuclei less than 0.9 km In diameter (Welssman, 
1982c). For the LP comets Everhart's (1967) flux of ~16 comets/AU/year brighter 
than absolute magnitude H][o 11.0 (diameter >0.9 km) was used. For the SP 
comets V!elssman's (1982b) estimate of >^229 earth*'cro8slng SP comets with nucleus 
diameters > 0.9 km was used. The mass of Impacting SP comets was decreased by 
10% to account for sublimation mass loss during their orbital evolution. 
Results are shown In the table below. 


Mercu ry 
Venus 
Earth 
Mars 


Long-period Comets 
^max ^mln 


1.4 X 10^3 

4.7 X 10^9 

3.8 X 10^9 

1.8 X 1018 


3.1 X IQl^ 

1.0 X 10l8 

8.5 X 10l7 

4.0 X 1018 


Short-period Comets 
^max ^min 


4.9 X I0l8 
3.3 X 10^0 

1.8 X 1020 

7.6 X 1018 


1.1 X 10l8 
7.3 X i0l8 

4.1 X 1018 
1.7 X 10l7 


The columns Mmax '^Wn correspond to the case of maximum average flux 
from the Oort cloud over the history of the solar system: cometary origin in 
the Uranus-Neptune ::one; and the minimum flux case: origin in satellite frag- 
ments of the solar nebula* All masses are In grams* About 50-60% of the 
-mpactlng mass can be assumed to be volatile ices. 

The mass estimates have a probable error of plus or minus one order of 
magnitude. The chief error source is the "lass distribution for the cometary 
nuclei. Uncertainties In the mass dlstrlbuK .■ result from the poor knowledge 
of cometary surface albedos and bulk nu, "ensltles, and observational selec- 
tion effects acting on the brightness distribution. The current work assumes an 
albedo of G.C for LP comets and a nucleus density of 1.0 g cm”8. patlcular, 
significantly lower cometary albedos such as those used by Shoemaker and Wolfe 
(1982) could result In a substantially greater total mass of comets Impacting 
the terrestrial planets. In addition, there Is no good way of estimating 
whether the present cometary flux through the inner solar system Is Indeed 
typical for the current Oort cloud. Lastly, cometary Impacts may not be a 
highly efficient means of adding to a planet's volatile Inventory since the 
Impact events may possibly result in substantial atmospheric blow-off. 

It should be noted that the term "comets" Is used here to denote objects 
derived '' *om the Oort cometary cloud. Icy planeteslmals perturbed directly 
Into the region of the terrestrial planets during the early history of the 
solar system have not been included In the calculation. Such objects probably 
provided a significant source of volatiles during the accretion of the terres- 
trial planets. 
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THE USE OF TEPHRA STUDIES TO DETERMINE VOLATILE RELEASE 
DURINQ LAROE EXPLOSIVE VOLCANIC; ERUPTIONS. J.A, Wolff, Dtpt. of 
Geology, iBiperiel College, London SW?, U.K. & M, Storey, Geology Dept., 
Bedford College, Regent's Park, London NWl, U.K. 

Outgasaing at volcanoes occurs In two principal ways; via fuaar- 
olic activity and Ly direct release of magaatlc volatiles during 
eruptions. Significant quantities of volatiles are released at tke 
earth's surface by large-volume (defined for present purposes as 
>10'a' magma expressed as dense rock equivalent) explosive eruptiono. 
Such events are characteristic of salic volcanoes in many tectonic 
situations, but are of infrequent occurrence (typically less than one 
per century per volcano). Thus in order to estimate the outward 
volatile flux due to eruptions at a given centre, it is necessary to 
employ methods applicable to the pyroclastic deposits which have 
resulted from prehistoric eruptions. This contribution describes a 
geologlcal/petrological approach to the estimation of volatile output 
due to plinian eruptions, which produce extensive air-fall pumice 
deposits (1). 

Accurate mapping of individual air-fall tephra blankets, to 
obtain a value for the total erupted volume of magma, is a necessary 
preliminary to the determination of total released volatiles. 

Volumes of air-fall pyroclastic deposits are usually estimated by 
means of an isopach map. However few deposits, unless erupted very 
recently, can ever be traced beyond the 10cm Isopach, thus allowing 
no direct means of quantifying the considerable proportions of fine 
ash released during plinian eruptions to accumulate at considerable 
distances from source. Walker (Jl,3) has estimated the total erupted 
volumes of throe large air-fall pumice deposits in New Zealand by a 
crystal concentration method. These estimates are matched by extra- 
polating mapped isopachs to a limiting thickness of 1/cn, at a thinning 
rate given by the volume do termination, as shown in Fig. 1 for the 
Taupo deposit. This thinning rate is found to be near-identical for 
the three New 2ea3.and cases, and provides a method of estimating the 
volume of any plinian or similar deposit given sufficient near-source 
isopach data (e.g. ref. h)» This is particularly valuable as the 
mo4.e rigorous crystal concentration method can only be applied to 
optimum cases. We have therefore taken data on several d;jtposits and 
plotted them on an area vs. thickness diagram (examples shown in 
Fig. 1) in order to obtain total erupted magma volume figures which 
take the fine ash component into account. 

For fall deposits it is possible to estimate magmatic volatile 
contents from field data. Wilson and co-workers (3,6) have shown that 
the "muzzle velocity" of an explosive eruption depends on the mass 
eruption rate and magmatic volatile content (Fig. 2). However, 
dependence on eruption rate is very weak for the range of plinian 
eruption conditions (p on Fig. ^), and thus volatile content, assumed 
to be entirely water, can be estimated from muzzle velocity. The 
error due to variations in the volatile component composition is 
negligihle if HnO is >80% of the total* Muzale velocity, (t owsh 
by (ref. ?): (8gro<Jb)/(3C^)» where r„4(JQ are respectively 

the radius and den-aity of the largest erupted clast, G is the drag 
coefficient, and a is the effective gas density in the volcanic vent 
(values of p are tabulated by Wilson, ref, 7)* The required data, 
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fclm ei%e and density of the Xai'geet orujatod clast, say be found by 
eatti'apeUtlon of the range dependenc^r of 'tlaet sine. Data on the 
three largest accessory llthlc fragaents (for which S.5 gca**'^) 
at any one locality exiet for several sapped deposits in the 
literature and an example is given in Fig. 3* ^1'® extrapetatton is 

of the largest measured fragments. The proportion of very large 
fragments in these deposit > is often small and thus there la a 
Gonsiderable error on this extrapolation. I^perience shows that 
an error of S a factor of k on the estimated largest clast sine is 
applicable, giving an uncertainty of i 30^ relative on the final 
deduced volatile content of the magma. Where the field data points 
are closely spaced, the error is reduced. Wesults for selected 
puwice deposits are given in Table 1. 

A peti'ological method of determining pre-erupblv© magmatic 
volatile species in the system H-O-S in ec^uillbrium with the 
phenocryst assemblage of the pumice has also been used. Wo have 
described this method, and presented data for pvimice layers on some 
Atlantic Ocean alkaline volcanoes, elsewhere (8){ the essentials are 
summarised here. T and fOg are calculated from coexisting Fe-Ti 
oxide compositions, fHaO is estimated from the reaction batween 
bio tit e, sanidlne and magnetite, while pyrrhotite composition yields 
a value for fSg. fUa, fHsg, fSOg and fSO^ are then found by com- 
bining data on the other gas species. Magmatic water content was 
estimated assuming FHaO » Ptotal| agreement with values derived from 
field data is good (8). 

The auantltative volcanological data retvuired for calculation 
of volatile output rates exist for very few sallc volcanoes. We 
have calculated first-approximation magmatic water output rates for 
three volcanic islands in the Atlantic Ocean (Table S) . A possible 
correlation between total salic magma output (lavas, essentially 
water- free at eruption, plus pyroclastics) , water output, and magma 
composition (specifically, the degree of silica saturation) is 
apparent. Keallsatlon of the significance of this correlation must 
await the acquisition of similar data from other centres, but 
Table d gives us a tantalising hint of the fundamental connection 
between availability of volatiles and the nature and intensity of 
vox caul urn. 
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Table 1. Ne|pB«tlc water contante j%nd total water released during eruption* 


Deposit 

muzzle 

velocity, 

m/s 

weight % 

magmatic 

water 

erupted 
magma , 

volume, km*^ 

total water 
released, kg 

Fogo A 

520 

6.5 

0,55 

8.9 X 10^° 

Fogo B 

470 

5.7 

0.14 

2,0 X 10^° 

Fogo C 

400 

4.5 

0.05 

5.6 X 10^ 

Fogo 1563 

415 

4.6 

0.14 

1.7 X 10^° 

Fogo Congro 

460 

5.5 

0.01 

1.4 X 10^ 

Tercelra B 

500 

6.3 

0.27 

4.3 X 10^^ 

Tercelra E 

460 

5.5 

0.08 

1.1 X 10^*^ 

Tercelra F 

390 

4.3 

0.04 

4.3 X 10^ 

La Prlmavera B 

>340 

>3.5 

1^ 

>1.2 X 10^^ 

La Prlmavera D 

>250 

>2.5 

0.6 

>3.8 X 10^° 

La Prlmavera J 

>210 

>2.0 

3.4 

>1.7 X 10^^ 

Upper Toluca 

500 

6.3 

2.7 

4.2 X 10^^ 

Minoan 

300 

2.9 

16 

1.0 X 10^^ 


* for several pumice deposits from Fogo volcanop Sao Miguel 
and Tercelra, Azores (11-13) » La Prlmavera and Toluca, Mexico (4, 10) 
and the Minoan eruption, Santorini (14) • 'J^he quoted volume for 
the Minoan pumice includes ignimbrites and pyroclastic surge deposits 
formed during the same eruption. Water contents estimated on the 
basis of field data only. 
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Fig. 1. Area vs. thickness plot for 
pumice fall deposits, the basis of the 
volume determinations. Taupo line Is 
from Walker (2); distal portions of 
other deposits are extrapolated parallel 
to Taupo. Tfe, Tf are from Tenerife, 
Canary Islands (9); Upper Touluca Is 
from Mr^xlco (10) ; Tercelra B, E, F are 
from Tercelra, Azores (11). 



Fig. 2 , Relationship between muzzle velocity and mass eruption 
rate of explosive eruptions for four values of magmatic water con- 
tent, taken from Wilson et al. (6). p Indicates range of pllnlan 
mass eruption rates. 
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Table 2* Nfegraa and magmatic water output rates* 


Island 

Tenerife 

Sao Miguel 

Terceira 

Salic magma 
type 

Phonollte 

Trachyte- 

coaendltlc 

trachyte 

Comendltlc 

trachyta- 

pantellerlte 

Salic magma 
output rate, 
km3/century 

0.13 

0.059 

0.023 

Water output 
rate, liquid 
km3/century 

0.017 

0.00? 

0.000? 

Volume ratio 
pyroclastics/ 
(pyroclastlcs 
lavas) for 
sallc magma 

0.8 

0.88 

0.23 


*for Tenerife, Canary Islands and Sao Miguel and Terceira, Azores, 
based on field and petrological data given in refs. 8,9,11,12,13. Figures 
for Tenerife are approximate. 



Fig* 3> Average of the three largest accessory llthic fragments 
found at a given locality plotted against distance from source, 
for a single pumice fall deposit from Sao Miguel, Azores (12)* 
The largest measurements are extrapolated (solid line) to zero 
range to yield a value for the largest llthic clast which can 
just be supported by the eruption column at the vent; this forms 
the basis for the muzzle velocity calculation (?)• 
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EVOLUTION OF SOLAR ULTRAVIOLET LUMINOSITY, K. 3, Eahnle and 
0. C. G, Walket, DepavtroenC of Atmospheric and Oceanic Science, The University 
of Michigan, Ann Arbor, Michigan A8109* 

A wealth of astronomical evidence indicates that the young sun was much 
more active than it is today; i,e., it was a much greater source of energetie 
particles and radiation. Here we restrict our attention to a tentative 
history of the solar UV derived from observations of solar analogs, as beins 
both better constrained and obviously consequential to a conference on solar 
system volatiles. 

Solar UV evolution naturally divides into an earlier "T Tauri" stage ond 
a later '’roain-sequence'* stage - the transition occurring some 10' years after 
the sun's formatir/n^ 

For main-sequence stars, relationships have been established between 
1) stellar activity and stellar rotation, 2) activity and age, and 3) rotation 
and age. Here we combine the observed relation between rotation and age with 
the various relations between activity and rotation to build our history. 

Figure 1 presents our much simplified history of the various source 
regions that give rise to the solar UV. The relation between x-ray emission 
(i.e,, the corona) and rotation velocity is valid for a wide range of stars, 
and takes the form L^ ot v^-^. The transition region is the source of line 
radiation by highly ionized species such as CIV X15A9. The relations between 
these lines and rotation take the form L^ a Vi-®, where 1.5 < s < 2.0. The 
importance of the transition region should also roughly correlate with the 
helium lines and the Ly continuum - i.e,, it should reflect the EUV (X < lOOOA) 
flux (this radiation is astronomically unobservable owing to interstellar H), 
Th<’ chromospheric relationship (Lo 9 which is established both from 

UV .'iv4 visible light observations, best describes UV from *-2000 >X>''1500X, 

4 n (1216X) is generated both by the chromosphere and the transition region, 

And hence its evolution should be somewhere in between curves 'c' and 't'. 

The photospherlc evolution is indicative of solar flux for X>2000A. 

Sunlike stars rotate more slowly as they age; empirically this has been 
described as Vj a t"^/2, the angular momentum flowing away with the solar 
wind. This relation is implicit in the structure of fig. 1. It may be that 
only the outer layers of the star are effectively spun-down. Gough (1982) 
reviews evidence that the solar core rotates some six times faster than does 
the surface. If we assume that the sun once rotated rigidly at the core's 
angular velocity, an equatorial rotation velocity v^. “ lA km/sec is inferred 
and is indicated in fig. 1. 

The extrapolation of solar activity back to its T Tauri stage (see 
fig. 1) is made simply by choosing representative observations of T Tauri 
stars made by the Einstein and lUE satellites. It is clear that the T Tauri 
sun would have had a profound impact on the evolving "solar” nebula and/or 
the evolving planetary atmospheres, if either existed at the time. In 
particular, EUV fluxes 10^ times larger than those produced by the modern sun 
would have been very efficient at fueling the escape of massive hydrogen-rich 
atmospheres (e.g. Sekiya et.aL) or at fuellcg the removal of the leftover 
material in the solar nebula, performing a function once ascribed to the 
T Tauri wind. 
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ROTATION RATE (km/sec) 

FK COMAE RSCVn SOLAR CORE HYADES SUN 



T TAURI ZAMS HYADES SUN 


STELLAR AGE (YEARS) 

Figure 1. Simple picture history of solar ultraviolet. Labels on top 
axis refer to types of stars from which the rotation-activity relation has 
been derived, labels on bottom axis refer to types of stars for which the 
age-actlvlty relation Is found directly. ZAMS refers to the zero-age 
main-sequence sun. 
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MANXLB inFPEREN'nATXON AND CRUSTAL GROWTH; AN ISOTOPIC VIEWPOINT. 

Al«n 2M'idler‘^i Steve Goldstein^, and Etnil JiigontR^ U-Laiiiont^Doherty 
Geological Observatory of Columbia Univeraity, Palisadea^ New York I0964j 
Z-Max Planck Institute fur Chemie, Saaretr.aeee 23» Mainxi West Germany.) 

Recent geochemical modelling of mantle differentiation and crustal 
growth (1“5) has suggested that Nd and Sr Isotopic variations In young 
maiitle-derived rocks may be explained by mixing of two mantle components* 
"MORB-type*' or depleted imintle material and undifferentiated or slightly 
enriched mantle material. In this context* apparently enigmatic variations 
in Pb isotope ratios have been interpreted as Indicating tliat the U-Th-^Po 
system has undergone a tnore complex evolution in the earth than either Sm-Nd 
or Rb-Sr. As an alternative* we have suggested that variations In Nd* Sr, 
and Pb isotopic compos it ions of mantle'^derived rocks Indicate the existence 
of at least three chemically independent mantle components (see (6) for a 
detailed discussion of soine of the ideas presented here). 

The first order difference between the two and three com|)onent models Is 
not simply the number of mantle components invoked, for any subdivision of 
the mntle into two* three* or n com|)Onents is necessarily a simplification 
of the real situation. The basic differeftce lies in the nature of the mech“ 
anlsms which nwat be called on to explain the differentiation of the mantle 
into its major observable components. Processes which involve the mobilixa~ 
t ion of silicate liquids or silica-rich fluids within the mantle are thought 
to fractionate parents from daughters in each of the isotope systems under 
consideration, ‘riierefore, to propose that, in a gross sense, Nd and Sr iso- 
topic variations may be explained by two mantle components while three or 
more components are required by Pb isotope variations is to imply that some 
geochemically active mantle process causes severe fractionations of U and Th 
froiii Pb without significantly affecting Rb/Sr and Sm/Nd ratios, and further- 
more, that this process is not one governed solely by solid-Uquid-f laid 
equilibria in a silicate system. Based on tliis kind of reasoning, several 
authors (1* 9-1 0 have proposed that Pb has been transferred from the man'ile 
to tlie core in a sulfide phase throughout geologic time, causing a progres- 
sive increase in mantle U/Pb and Th/Pb ratios. Because the other elements 
under consideration are not chalcophile in nature, their relative abundances 
in the mantle will not have been affected by this process. In contrast, if 
Nd, Sr, and Pb isotopic variations support the existence of more than two 
mantle compo?\ents, then fractionations of all three parent-daughter systems 
may conceivably be in response to magimitic or metasomatic processes operating 
within the mantle without calling on a special process to fractionate U and 
Th from Pb. 

We have examined mantle Nd, Sr, and Pb isotopic variations in multi-di- 
mensional space in order to investigate systematica which may be obscured in 
two-dimensional variation diagrams. In three, four, or five dimensions, 
average isotopic convositions for individual ocean islands or island groups 
and mid-ocean ridges define a planar array with a high degree of precision 
(Fig. 1) and indicate that mantle isotopic variations are best desci*ibed by 
mixing betweei\ three chemically independent mantle components, These results 
suggest that; 1) processes which involve the mobilisation of silicate li- 
quids or silica-rich fluids within the mantle, such as metasomatism or magma 
generation, can account for differentiation of the three isotope systems 
without calling on a special process to produce apparently complex Pb isotope 
variations; and 2) mass-balance arguments which have been used to support 
convective isolation of the lower mantle (2-4) (and the resulting chemical 
stratification of the mantle) are not valid, due to the positive identifica- 
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tion of an additional important mantle component. i 

Recognition of these systematica in the mantle places important con- ? 

straints on the evolution of the crust-mantle system. A model has been de- | 

veloped which describes transport between a depleting MORB-type mantle compo- i 

nent, the continental crust, and a high U/Pb mantle component, most clearly 
observed at St, Helena. An additional mantle component is assumed to be re- 


latively undifferentiated. A Monte Carlo approach is used to investigate the 
effects of varying input parameters through geochemically reasonable ranges. 

This fnodelUng has shown that: 1) successful solutions may be generated 
with the total mass of interactive mantle ranging from 0.3 to l.O times the 
total mantle (Fig. 2; this is independent of the mass assigned to the high 
U/Pb component); 2) the high U/Pb component is chemically similar to basalt 
(Fig. 3) and must be generated primarily during the latter half of earth 
history ( if this component is subducted ocean crust, the oldest portion must 
have been efficiently re-mixed into the mantle; and 3) "J*-type’* or future 
leads observed in oceanic basalts may be generated by mixing "B-type" deple- 
ted mantle with ”J-type" (high U/Pb) mantle and with undifferentiated mantle 
which lies along the geochron. 

References: 1. Allegre, C.J. (1982) Tectonophysics 81 , 109; 2. O'Nions, 

R.K. et al. (1979) J. Geophys. Res. 84, 6091; 3. Jacobsen, S.B. and 

Wasserburg, G.J. (1979T J. Geophys. Res. 84 , 7411; 4. DePaolo, D.J. (1980) 
GeochimCosmochim. Acta 44, 1185; 5. Anderson, D.L. (1982) Earth Planet. Sci. 
Lett. 57, 1; 6. Zindler, A. et al. (1982) Nature , in press; 7. L-DGO 

unpublished data; 8. White, W.M, and Hofmann, A.W.~ U982) Nature 296. 821; 
9. Vidal, P. and Dosso, L. (1978) Geophys. Res. Lett. 5. 169; 10. Dupre, B. 

and Allegre, C. J. (1980) Nature 286 , 17; 11. Allegre, C.J. et al. (1980) 

Phil . Trans. R. Soc. Lond. A. 297 , 447. 
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